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!. INTRODUCTION

This Final Engineering Report is submitted in accord-

ance with requirements of Contract No. NAS8-5480_ under which

the AROD Transponder was designed and developed by Space Craft,

Inc. for the National Aeronautics and Space Administration.

The overall design requirements are discussed with par-

ticular emphasis on the unusual and difficult aspects of these require-

ments. Where new or unorthodox techniques were required or used,

a detailed description of the methods and of the results obtained is

include d.

The Transponder circuits are described thoroughly from

functional requirements to practical design and adjustment details.

To facilitate organizaticn and continuity._ the detailed descriptions

of the Transponder Receiver and Transponder Exciter circuits are

arranged and listed in the text by modules corresponding to the

block diagrams and to the actual hardware packaging. Block dia-

grams and schematics of all circuits are included at the end of

Section V. The accompanying list of diagrams is arranged in

numerical sequence according to the SC! drawing number.

Typical test data is included to illustrate the results
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obtained and the performance to be expected from various functional

parts of the Transponder.

Finally, a brief summary of the conclusions reached,

performance obtained_ problem areas_ and recommendations is

include d.
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27 August 1963

I. SCOPE

I.I. Applicability. This specification sets forth the general requirements

for system development models of AROO transponder equipment, and is applicable

to all such equipment.

. APPLICABLE DOCUMENTS

2.1. Documents. The following documents provide additional information as

t_ requirements toward which design efforts should be directed since these

requirements will be imposed on later models of the equipment:

(a) MSFC-STD-154 Printed Circuit Design and Con-

struction; Standard for

(b) MSFC-PROC-158B Soldering of Electrical Connections
(High Reliability); Procedure for

(c) MSFC-PROC-257 Conformal Coating of Printed Circuit

Assemblies; Procedure for

(d) AROD-SPEC-4 Transponder Equipment Tentative

Environmental Test Specification

2.2. Availability. Copies of the above listed documents, for use in con-

nection with AROO System contracts, may be obtained from the Contracting
Officer.

3, REQUIREMENTS

3.1. Background. The system development models of AROD transponder equipment

will be used for tests in the laboratories, and will also be operated at field

sites during aircraft flight tests of the system. They will not be used in

conjunction with vehicle launches or subjected to unusual site conditions.

Thus it is not necessary that these units meet the requirements for flight-

associated hardware. It is intended, however, that the prototype and pro-

duction models to be later developed as a result of the system development

test program_ will meet a4,1 the requirements for flight-associated hardware

to be operated under a variety of environmental conditions. All designs for

system development units will be daveloped with this objective in mind.

3.2. Dimensions and Weight. Units shall be of such size that they can be

mounted on standard 19 inch rack panels. Good design and manufacturing

practices shall be followed, so that the units are not excessively large
or heavy.

3.3. Packaging and Mountinq. Units shall be mounted on standard 19 inch

rack panels which are finished in dark grey metallic enamel. They shall

have pull-out provisions for ease of testing and maintenance. Suitable
pull-out handles shall be provided on each unit.

3.4. Environmental Requirements, Units shall meet conditions which would

normally be encountered in laboratory andfieldlsite testing conditions,

1 of 3
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3.4.1. Temperature. The equipment shall be capable of normal operation in

atmosphere at 0 ° to + 60 ° C.

3.4.2. Shock and Vibration. The equipment shall be designed to withstand the

normal shocks wh ch would be encountered in shipping and handling_ laboratory

testing_ and fie d site testing.

3.5. Power Requ rements. The equipment shall be designed to operate from

I20 ± 12 volts_ 60 Hz AC power.

3.6. Connectors.

3.6.1. Signal Connectors. Unless otherwise specified in individual instancesj

all signal connectors shall be type TNC or type N.

3_6.2. Power and Distribution Connectors. All power and distribution connectors

shall be AN or MS approved types.

3.7. Test Points. Test points shall be provided as required by specifications

for individual units. Additional test points may be added as considered advis-

abie. Test points associated with signal paths shall be green; all others shall
_e white.

3.8. Monitoring Points. Monitoring points shall be provided as required by

specifications for individual units. Additional monitoring points which are

considered to be required to provide complete information of important system
characteristics shall be added.

3{8.1. Monitoring Outputs. A DC output proportional to the function being

measured, and of such magnitude as to be suitable for recording by oscillo-

graph, shall be provided for each monitoring point.

3.8.2. Monitorin 9 Connections. All monitoring points shall be connected to
a common connector for each unit.

3.9. Components. All components used shall conform to accepted standards of
the industry.

3.10. Design. All units shall meet accepted standards of performance and

reliability.

3.11. Manufacturing. All units shall conform to accepted standards of work-

manship. Components shall no__t be potted.

3.12. Design Objectives. All design shall be accomplished with the following

requirements in view. While these requirements are not binding upon the equip-

ment covered under this specification_ no design shall be used which will not

allow compliance with these requirements in future models.

3.12.1. Dimensions and Weight.. Future units will be required to be of the

minimum size and weight which is consistent with meeting the requirements for

reliable equipment.

3.12.2. Environmental Requirements. Future units will be required to meet

2 of 3
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the environmental test requirements for launch-and-space vehicle associated

equipment; the tentative environmental testing these units will be required
tQ meet is contained in AROD-SPEC-4o

3,12.3 Components. Future units will be required to incorporate only com-

ponents which meet the reliability and quality requirements for use in manned
vehicle systems.

3.i2.4. Manufacturin£. Future equipment will be required to comply with MSFC-

ST_-154 _ NSFC-PROC-158B_ and NSFC-PROC-257.

I

I

I
I
I.
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i. SCOPE

i.!, This specification is applicable to the system development model of the

Transponder Tracking Equipment.

2_ ....APPLICABLE DOCUMENTS

2;7. The following document sets forth requirements applicable to the ground-

based AROD equipment:

,_ AROD-SPEC-II Transponder Units, General Specifications

3. REQUIREMENTS

3.1, General.

3.i.1. Background. The Transponder Tracking Equipment shall perform the follow-

in_ functions :

#
(a) Receive the phase modulated signal transmitted by the vehlcle-borne

equipment.

(b) Amplify and demodulate the ranging tones on the received signal with

minimum degradation to the input signal-to-noise ratio.

(c) Prepare the demodulated signal for retransmission by removing as much

noise as possible by use of narrow band filters and phase-lock loops.

(d) Synthesize for retransmisslon a carrier signal that is shifted in fre-

quency but coherent with the received carrier frequency.

(e) Modulate the extracted range tones onto the coherent carrier signal.

(f) Provide means for modulating one of the range tones with information

which is to be sent to the vehlcle-borne equipment.

(g) Provide the capability for the selection of one of four carrier fre-

quencies.

(h) Provide for quick acquisition of the received frequency as a result of
information obtained from the command llnk.

(i) Provide for quick acquisition by the vehicle-borne equipment by provid-

ing for doppler compensation in the generation of the transponder track-

ing carrier frequency.

(j) Provide for control of the operation of thls equipment by means of inputs
from the command link.

3.1.2. Description. /The Transponder Tracking Equipment shall consist of the gound-

based tracking receiver, frequency synthesizer, and tracking transmitter of the AROD

System.) _D__r_f._amplifier and the Ist mixer of the receiver and the output stage of

the transmitter are not included as a part of this specification.

3.2. Performance characteristics. The equipment shall meet the following per-

formance requirements:

(a) Phase characteristics

Linearity

Stability

(b) Noise figure

+2.0% within operational bandwidth

+i.0 ° of differential phase shift

between carrier and each range tone

over temperature limits of 0 ° to 60°C.

 7.0db

I of 6
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(c)
(d)

(e)

Dynamic range

Carrier phase-lock loop
Effective noise bandwidth

Dynamic tracking rate

Stability of VCO
Short term

Long term

50 db

300 Hz

T. S--_/sec

i part in i08_i.0 msec

3 parts in lO_/day or I part

in 106/day

Acquisition time of transmitter tracking filter

Loop containing reference oscillator 0.5 sec
and VCO #2

Loop containing VCO #I and VCO #2 0.5 sec

3.3 Input from first mixer. The first IF amplifier shall accept the follow-

ing received signal input from the first mixer:

(a) Center frequency 103.048 MHz

(b) Frequency variation-maximum +-80 kHz

(c) Power- minimum -120.0 dbm

maximum -70.0 dbm

(d) Bandwidth-3.0 db 5.6 MHz

80.0 db -+57.5 MHz

(e) Input impedance 50 ohms " " ,-

(f) Connector Type TNC _-

(g) Number of connectors i i.i_-,_"._

¢.

F'. . _:%

3.4. Input from command receiver. This equipment shall accept the following
inputs from the command receiver:

(a) Center frequency 28.104 MHz

(b) Frequency variation- maximum ±i.0 kHz

(c) Power 0 dbm, ±i.0 db

(d) Impedance 50 ohms

(e) Connector Type TNC

(f) Number of connectors i

The above input shall be used to set the frequency of the tracking receiver

for the purpose of acquiring the tracking signal transmitted from the vehicle.

3.5. Input from command lo_ic. This equipment shall accept the following inputs

from the command logic.

3.5.1. STANDBY Input Signal. This equipment shall accept a signal from the command

logic equipment, designated as STANDBY, which will control the application of equip-

ment operating power. Operating power shall be applied to this equipment at all

times except during the OFF mode. The signal is described as follows:

(a) Frequency

(b) Amplitude

Operating power ON

Operating power OFF

(c) Input impedance-minimum

(d) Connectors

(e) Number of Connectors

DC

5.5-+0.5 v

0.25±0.25 v

500 ohms

Type TNC
I

2 of 6"
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3.5.2. _R:<_< :.... SX=<7L,7iON inDut si_:na!s. " is equipment snai= a:cept signals

from the cor:n_ar=dlogic, designated as FREQU2XCU SELECilON .,iic! _,:._',determine

which one of the four carrier frequencies is used. These signals <_re described

as follows:

I

I

I
I

I
I

I
I

I

(a) Frequency

(b) Amp!icude

Carrier ON

Carrier OFF

(c) Input impedance-minimum

(d) Carrier designation
Channel one

Channel two

Channel three

Channel four

(e) Connector

(f) Number of connectors

DC

5.5±0.5 v

0.25±0.25 v

500 ohms

2211.7848 i_6z

2213.1900 P_z

2218.5766 MIHz

2219.9818 }_z

Type TNC

4

3.5_ _. _NGE 20XE GATE input sisna!. Tb.is equipment shall accept a signai from

the _.... ,_and logic, designated as R-_NGE TONE GATE, which _ii control _hen ck_ _wo

!o_,,__" :anging _one signals are OFF or ON. This signal also determines the s___ce

of e _nedium fine ranging tone. _'_ is described as follows:

(a) Yr=quency

(b) Ampiig,_de

Lower ranging tones ON; Co-

her=n= medium fine ranging

_one selected

Lowers ranging tones OFF; Non-

coherent medium fine ranging
_one selected

(_) Input impedance-minimum

(d) Connector

(e) Kamber of conr,ectors

DC

5.5+-0.5 v

0.25±0.25 v

500 ohms

Type TNC

i

NOTE: _ne amplitude of the non-cohc=ent medium fine r_nge tone shall be

independently adjustable.

3 f.4. SI!E IDENTIFICATION MODi_ATION input siznal. This equipment shall accep_ a

o_sn== from _<he command logic, designated as SITE IDENI_IFICATION MODULATION_ which

'._i:. ,_ontain certain information to be modulated onto the medium fine ranging gone.

:>_s signal is described as follows:

I
I

I

I
|i.

(a) Pulse repetition rate

(b) Pclse width

(c) Amplitude

Logical "i"

Logical "0"

(d) Degradation to rise and fall

time of input pulse-maximum

(e) Input impedance-minimum

(f) Connector

(g) Number of connectors

i.0 kHz (NRZ)

1.0 millisecond

5.5+-0.5 v

0.25+-0.25 v

10 microseconds

500 ohms

TNC,ype
i

3._.5. _,_=._._o_=__,_v_\,_m<_:=,,___,_GATE inm:t signal. T=_s eq,_ipment shall accel a

signal from the co_=,and iogic_ designated as DOPPL<k 70.fyENSATION GATE, which

will _ontrol when the de.:-.at compensation is placed on the retransmiEted ca_.-

rier signal, T _ n _: _-. <_i is described as follows:

3 of 6
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3'6

(a) Frequency

(b) Amplitude

Doppler compensation ON

Doppler compensation OFF

(c) Input impedance-minlnmm

(d) Connector

(e) Number of connectors

DC

5.5±0.5 v

0.25±0.25 v

500 ohms

Type TNC

I

Output to ist mixer. This equipment shall provide an output signal which

w$11 be used as the local oscillator:for the Ist mixer. The signal is described

a_ follows:

(a) Frequency 2173.376 MHz

(b) Frequency variation-maxlmum ±80 kHz

(c) Power: 0 dbm +I.0 db

(d) Output impedance 50 ohms

(e) Connector Type N

(f) Number of connectors I

3.7. Output to trackin_ transmitter. This equipment shall provide an output to

the tracking transmitter. This output will be at one of the four carrier frequencies

and will also contain the lower sidebands of the modulating tones. The output signals

are described as follows:

Carrier (fci): i = I, 2, 3, and 4

Frequency
Channel 1

Channel 2

Channel 3

Channel 4

Power-maximum

Range of variation

2211.7848 MHz

2213.1900 MHz

2218.5766 MHz

2219.9818 MHz

2.86 millwatts, ±i.0 db

+i.0 db, -i0.0 db

Sideband derived from the_Frl - Fr2 modulating tone

Frequency

Power-maximum

Range of variation*

•fci "(Fri " Fr2 )

1.43 millwatts, ±i.0 db

_I.0 db, -i0.0 db

Sideband derived from the Frl modulating tone

Frequency
Power-maximum

Range of variation*

fci -Frl

2.86 milliwatts, ±i:0 db

+i.0 db, -i0.0 db

Sidebands derived from the Frl ± fl modulating tone

Frequency
Power-maximum

Range of variation*

f ci- (Frl ± fl)

0.71 milliwatts, +i.0 db

+I.0 db, -I0.0 db

Sidebands derived from the Frl ± f2 modulating tone

Frequency f -(Frl ± f2 )
Power O._i milliwatts, ±i.0 db

Range of variation* 1.0 db, -i0.0 db
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*lhe range of amplitude variation and the phase delay of Frl , Frl - Fr2 , and
the combination of fl and f2 shall be independently adjustable.

Output impedance
Connectors

Number of connectors

50 ohms

Type TNC

I

NOTE: _ue frequencies represented by the various symbols are listed as follows:

rl = 2.342 MHz

Fr 2 = 73.1875 kHz

Fr 3 = 2.287 kHz
r4 = 71.47 Hz

fl = 1.10782 kHz

f2 = 1.17929 kHz

3.8. Monitoring points. Monitoring points shall be provided as required by AROD-

SPEC-10 for recording by an oscillograph or monitoring by a function meter. The

sSgnals to be monitored in this manner are listed as follows:

(a) First mixer current

(b) AGC of Ist IF

(c) Acquisition by VCXO #I

(d) Acquisition by VCXO #2

(e) Range tones fl and f2

(f) Range tone Frl

(g) VCXO # I control voltage

(h) VCXO #2 control voltage

(i) Noise detector output

(j) Range tone ON-OFF switch (IA)

(k) Doppler translation switch (2A)

(i) Modulated range tone Frl - Fr2

(m) VCXO #3 control voltage

(n) FREQUENCY SEv_ECTION input signal-channel i

(o) FREQUENCY SELECTION input signal-channel 2

(p) FREQUENCY SELECTION input signal-channel 3

(q) FREQUENCY SELECTION input signal-channel 4

In addition the AC input voltage and all input DC voltages shall be connected to

the monitoring point connector; no signal processing is required on these voltages.

3.9. Test points. Test points shall be provided and color coded as required by

AROD-SPEC-5. Unless the performance of the equipment will be adversely affected,

test points shall be provided for the following:

3. I0. I. IF AMPLIFIER

(a)
(b)
(c)
(d)

AGC of Ist IF amplifier

Output 103.048 MHz IF amplifier

Local oscillator for 2nd mixer

Output 14.052 MHz IF amplifier

3. I0.2. DEMODULATOR

(a) Input from sideband IF amplifer

(b) Input from carrier IF amplifier

(c) Control voltage for VCO #i

(d) Input from command receiver VCO

(e) Acquisition sensor

5 of 6



i I

|

I

I

I

I

I

I
i

I
I

I

AROD-SPEC-Ii

22 October 1963

3.10.3. RANGE TONE CIRCUITS

(a) Input from product detector

(b) Control voltage of VCO #3

(c) Control voltage of VCO #3B

(d) 2.342 MHz range tone (between variable phase shifter and mixer)

(e) Inpu t to range tone ON-OFF switch (IA)

(f) Each of the three inputs to linear adder

3.10.4. TRANSMITTER TRACKING FILTER

(a) Control voltage for VC0 #2

(b) Input to doppler translation switch (2A)

(c) Input from command receiver VCO

(d) Output reference oscillator

3.10.5. TRANSMITTER SYNTHESIZER

(a) Output of 1.171MHz VCO

(b) Control voltage of 1.171MHz VCO

(c) Input from VCO #2

(d) Output of 22.249 MHz PCO

(e) OUtput of MHz PCO

(f) Output of spectrum generator

(g) Output of lower sideband filter

(h) Two inputs to output mixer

(i) O_:t_&t of output mixer

(j) Four channel selection gates

(k) Control voltage of 22.249 MHz VCO

(I) Control voltage of 70.26 _fiz VCO

(m) Control voltage of 5.6208 MHz to 13.817 MHz VCO

Additional test points shall be provided as deemed advisable for checking the per-

formance of the equipment.

I
I

I
I

I
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IV. SYSTEM DESIGN CONSIDERATIONS

4. 1 Threshold Signal and Noise Calculations

The receiver noise figure will be:

F A + I Fm- I FIT - 1

FRX = F F + + +
G F G F GA G F GAG M

I + .83 + . I0 + .27 = Z.Z (or 3.4 db)

for the following system parameters:

F F = 1 (0 db) preselector filter noise figure

F A = I. 66 (2. Z db) Para. Amp. noise figure

F M = 5 (7 db) Mixer Noise Figure

FIT = 3. 16 (5 db) First I.F Amp. Noise Figure

G F = 0. 795 (-I db) Preselector Filter Gain

G A = 50 (17 db) Para. Amp., Gain

G M = 0. Z (-7 db) Mixer Gain

I

I

I

I

Therefore, the receiver noise temperature will be:

Teq = T o (F - I)

TRX = Z90 (Z.Z - I) = 350°K

Assuming 0 db antennas at 2276 megacycles, one half of the antenna
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solid angle will see a Z90°K earth and the other half will see about

a Z9°K sky. Thus the antenna temperature will be:

TAN T = (290 + 29)/Z = 160°K

The receiving system temperature will then be:

TSy S = TRX + TAN T = 350 + 160 = 510°K

and the equivalent input noise power will be:

N = -171.5 dbm/cycle (510°K)

The minimum carrier power input can be calculated knowing the

maximum range (1000 N. miles), carrier power radiated (3. 076

watts), antenna gains (0 db), and frequency:

Pr =

PT GT GR

(4TrR) z

assuming G T = G R = 1

(3.076)(I)(I)[300 _Z

Prmi n = kZ--_-_ ]

(4 x 3.14 x I. 85Z x 106) 2

= . 985 x 10 -16 watts

= -130.06 dbm

IV-2
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Therefore, minimum carrier to noise ratio at the receiver input is:

_G = -130.06 dbm = 41.4 db/cycle

N -171.5 dbm/cycle

The carrier main loop noise bandwidth is 300 cycles. This is a

24.8 db increase above a one cycle noise bandwidth. Therefore,

the minimum carrier to noise ratio in the carrier loop will be:

C
-- = +16.6 db
N

The noise bandwidth from the receiver input to the

input of the carrier crystal filter is approximately l0 mega-

cycles. This is a 70 db increase above a l cycle bandwidth.

Assuming that the bandwidth to this point is determined solely

by the IF amplifiers, the minimum carrier to noise ratio at the

crystal filter input is:

_G = -28.6 db
N

I
I

I

I
I.

The approximate noise bandwidth to the carrier crys-

tal filter is 17 kilocycles. This is a 42. 3 db increase above a l

cycle bandwidth. The minimum carrier to noise ratio at the fil-

ter output, then, is:

C = -0.9 db

N
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Since only linear and relatively wideband amplifiers

are employed between the carrier crystal filter and the coherent

amplitude detector in the AGC Demodulator, the minimum carrier

to noise ratio at the detector input is -0.9 db. However, the limit-

C input, will
er in front of the main loop phase detector, with this

cause an improvement in the carrier to noise ratio of 0.6 db (see

Journal of Applied Physics, June 1963, Page 725). Therefore, the

minimum carrier to noise ratio at the input to the main loop phase

detector is:

C
-- = -0.3db
N

The noise bandwidth from the receiver input to the

input of the sideband crystal filters is approximately 14 mega-

cycles (again assuming that the bandwidth is determined solely

by the IF Amplifiers). If the total sideband power transmitted

by the Vehicle Transmitter is 6. 921 watts, the total signal (in-

cluding the carrier) to noise ratio at the input to the sideband

filters is approximately:

ST +46.5 db

N cycle

and, in the 14 megacycle bandwidth:

ST
- -25.0 db

N
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The carrier, however, does not appear at the output of the side-

band filters. The combined noise bandwidth at the output of the

filters is approximately 61 kilocycles. The minimum total side-

band to noise ratio at the filter output, and consequently at the

input to the Range Tone Circuit, is:

S__B_B= -2.9 2 db
N

The 2. 342 megacycle range tone loop is locked on

the _. 34P megacycle sideband which is approximately 3.5 db

below the total sideband power. Therefore, the minimum sig-

nal to noise ratio at the input to the 2-. 342 megacycle phase detec-

tor, for all practical purposes, is:

--_1 = -6.4 db
N

The phase detector in the 2. 268 Range Tone Circuit

is preceeded by a limiter. The total S--Bratio at the limiter input
N

is -g. 92 d.b. The limiter,with this particular input, will degrade

the signal to noise ratio by approximately . 45 db. Therefore, the

minimum total SB ratio at the input to the phase detector is -3.37
N

db. The 2-. 2-68 megacycle sideband is approximately 9.53 db be-

low the total sideband power. Therefore, the minimum signal to

noise ratio at the input to the 2. 268 megacycle phase detector, for

IV-5



l

l
I

I
I

I
I

I
I

I

I

I

I
I

I .,

all practical purposes, is

f== = -12. 9 db
N

The noise bandwidths of both the 2. 342 and the 2. 268

megacycle phase locked loops is approximately 100 cycles. The

signal to noise improvement due to the noise bandwidth reduction

is equal to the inverse of the bandwidth ratios. Therefore, the

signal to noise through the two loops will be improved by

6.1 x 104

102
6. 1 x I0z, or 27. 86 db.

The minimum signal to noise ratio, then, at the output of the

2. 34Z megacycle phase locked loop is:

FRI

N out
= +21.5 db

and the minimum signal to noise ratio at the output of the 2. 268

megacycle phase locked loop is:

f3
= +14.96 db.

N out

4.2 Phase Locked Loop Calculations

The following paragraphs are devoted to the calcula-

tions used in the AROD Transponder phase locked loops. Empha-
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sis is placed upon the main receiver loop because of its importance

within the system.

4.2. 1 Main Receiver Loop

A simplified block diagram of the main receiver loop

is shown in Figure 9 in the Theory of Operation. The loop has the

closed loop transfer function:

I+: TzS

{4. l)
H(S) = TI S Zl+(I_.L_+_z)s+ __

GA G

and may be simplified to:

H (S) =
l + "rzs

1 + T2S + __Tl S2 (4.2)

G

whe r e:

T 1 and T Z are the loop filter time constants.

I

I
I

I
I.

A = Loop filter DC gain.

-I
O = Open loop gain = 360 K DK VK M sec

K D = Phase detector gain in volts/degree.

K V = VCO gain in cps/volts.

K M = Multiplier gain.
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The main receiver loop shown in Figure 9 actually consists of

three loops within each other. The derivation of equation 4. 1

from these three loops may be performed by referring to an equi-

valent block diagram shown in Figure 4-1. The inside loop com-

posed of the phase detector, filter, VCO, and multiplier KM3 has

the transfer function:

H_ (S} C" {S}
H"(S) = =

l + H_ (S) R" (S) (4. 3)

where the open loop transfer function is Ho (S) and R" (S) and

C" (S)are the Laplace transformed input and output functions,

respectively, and

H o(S) = 360 I KvKDKM 3 F(S)
S

or

"(s) KH o = KM3 ! F(S)
S

I
I

I
I

I.

whe r e

K= 360 K V K D

F (S) = Loop filter transfer function.

Substituting the equations above in equation 4. 3 yields

H"(S) = K KM3 F(S) (4.4)
S + K KM3 F(S)
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The inside loop may now be replaced by one block

with the transfer function given in equation 4.4. The same pro-

cess may be used to simplify the analysis further.

!

Ho (S) - KMZ. H" (S)

t HtlC' (S) Ho (S) KMZ (S) (4.5)H' (S)= = _ =
R'(S) I + H_(S) 1 + KMzH"(S)

I

I

I

again

HIH o ($) = KMI (S)

I-I #

M (s)= Ho (S) _ KMI (S) (4.6)
I + Ho(S) I + KMI H (S)

I

I

I

yield s ."

Combining equations (4.4), (4.5), and (4.6)

H (S)--

K KMI KMZ KM3 F(S) (4. 7)

S + K KM3 F (S) 1 + KMZ + KMI KMZ

The values for KM1, KMZ and KM3 are Z4 1__99,
80

I and 1 respectively. Although equation (4.7) is in an exact

| 2'
form, it is somewhat cumbersome. Since KMI KM2 is much

greater than 1 + KM2 the approximation shown in equation (4.8)

may be made with negligible error.

H (S)=
K KMI KMZ KM3 F(S)

$-+ K KMI KMZ KM3 F(S)
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or

be

H (S5 =
K K M F (S) GF(S5 (4.85

S + K KMF(S) S + GF(S)

K M = KM1 KM2 KM3 = 77 1/3

The active loop filter transfer function F ($5, can

shown to be

F(S) iA I + "[2S (4.95

] 1 +A T1S

Substituting equation 4.8 in 4.9 yields equation 4. I.

The simplification to equation 4.2 is made because T2 is much

greater than I/AG.

Integrating the complex conjugate of equation 4.2 yields

the loop noise bandwidth (2B L) in terms of q'l, XZ' and G (this deri-

vation is not included here because of its length). The subsequent

selection of an optimum damping ratio of 0. 707 results in the familiar

equations stated below:

9G
-rI = (4. lO)

32 BL z

s (4.11)
T2= 4BL,

T I is the loop filter time constant consisting of the
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product of the filter input resistance and the feedback capacitance.

T2 is the product of the series feedback resistance and capacitance.

The amplifier gain does not appear in these equations because it is

cancelled out of the last term of the denominator of equation (4. I).

The steady state phase error equations for step and

ramp function inputs may be found using equation 4. I. The error

function E(S) in Figure 4. 1 is of primary interest in the loop analy-

sis. Measurements at the first mixer output are not practical,

however, whereas the phase errors at the detector output are

11

easily measured. The three error functions in Figure 4-I, E (S),

E' (S), E (S) are shown below to be practically identical_ indicating

that phase detector measurements are in fact, an accurate measure-

ment of the loop error E(S). From Figure 4-i

and

I

E(S) =R(S) - C(S) =R (s)

' ' C' R"E (S)= R (S)- (S) : (S)

II 11 I!

E (S):R (S)-C {S)

C (S)= KMI C'(S)

C 'tC' (S) = KMZ (S)

Combining the above equations and solving for E" (S) yields
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E"(S)=R(S) - C(S) i+ I_/__+ 1
KM1 KM1 KMZJ

or

E" (S)= R (S)- C (S)--E (S) (4. lZ)

The error introduced from the above approximation is

1 + I + I = 1 + 38__8_+ 38_8__x 6

KMI KMI KM2 928 928 38

= 1. 047

or less then 5%.

Equation 4. 12 may be rewritten to enable steady-

state error calculations from loop parameters.

E(S) = R(S) - C(S)

or
E(S) - 1 - C(S) =i- H(S) (4. 13)
R (S) R (S)

Substituting equation 4. i in 4. 13 and simplifying yields

I

I

I
I

I

E (S) _

R (S)

1 T1

G---A"+ -G" S S (4. 14)

1 + i__ + i-2 S + T1S z
GA G

The steady-state phase error for a step frequency

input can now be found by applying the final value theorem to

equation 4. 14,
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(t) ss :lira S E(S) _f
R (S) sZ

S--_0

= 360 A__/_f
GA degrees (4. 15)

The steady-state error for a ramp frequency input

can also be found,

# (t)ss = lim S E (S___/)
R (S) S 3S--_0

= 360 TI______f + f lim _I degrees (4. 16)
O AG S

S-_O

The first term above is of interest in defining the

steady-state errors. The magnitude of the second term increases

with time and is insignificant under actual conditions.

Equations 4. 15 and 4. 16 were used to calculate the

main loop errors tabulated in Table 4-i. The discussion imme-

diately preceding illustrates the technique for obtaining experiment-

al results for comparison with analytical data. Equations 4. i0 and

4. Ii were used to determine the filter time constants (see Table

4-I) for a loop noise bandwidth of 300 cps.

All of the preceding equations indicate that the loop gain,

G, is a constant. This, however, is not the case. The use of a
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I
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I

limiter preceding the phase detector results in a signal suppression

factor which effectively varies the loop gain as a function of predetec-

tion noise-to-signal ratio. Stated mathematically

= l_ 4 I'_N

_I + _ PS

I

I
I

I

I
I

I

I

I

I
I
I

and G = _ G o

where Go is the loop gain at _ = i.

4. Z. 2 Range Tone Loops

The calculations for both of the range tone loops

were based on the equations described in the preceding section.

The resultant data is tabulated in Table 4-I. Both loops were

designed for minimum phase error versus Doppler at a i00 cps

loop noise bandwidth. The 2. 342 mc loop did not use a limiter

preceding the phase detector. If a limiter had been used, the

detected coarse range tone amplitudes would have varied as a

function of noise-to-signal ratio due to the signal suppression

factor. Using the linear loop minimizes amplitude changes in the

coarse range tones to less than 1 db due to AGC error. The 2. 268

mc loop uses a limiter since the coarse range tone detection is not

required in this loop.
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4. 2. 3 Tracking Divider and Multiplier Loops

The calculations for all of the remaining loops in the

AROD Transponder utilized the equations previously derived.

loops were designed primarily to act as narrow band filters.

bandwidths were selected to minimize acquisition time where

4 _f2
t ~

3
acq BL

These

Loop

Results of all the calculations may be found in Table 4-i. In

some cases, DC amplifiers were used to increase loop gain to

maintain low steady-state errors at maximum_f.

4.3 AGC Loop Calculations

The AGC loop contains the phase detector and the

AGC active loop filter in the AGC Demodulator board and the

gain controlled cascode IF amplifier stages in the First and

Second IF Amplifiers. When the main receiver phase locked

loop is locked on a carrier, the Receiver VCO supplies an essen-

tially noise free signal, which is phase coherent with the carrier,

to the reference of the AGC phase detector. The carrier is applied

to the other input of the phase detector and the static phase differ-

ence between the two signals is adjusted so that the phase detector
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becomes a coherent amplitude detector. Thus, a coherent type

of AGC system is established which responds only to the ampli-

tude of the received carrier. --

For the purpose of this discussion,, let the gain con-

trolled stages be referred to as a voltage controlled attenuator

(VCA), with a gain constant, %cAin db/volt. Then the equiva-

lent loop of the AGC system is shown in Figure 4-2.

q i °*n-i
R (S) KVC A ri KCA D

l c (s) ,

J F (s) i_

FIGURE 4-2. EQUIVALENT AGC LOOP

whe re :

KVCA = gain constant of VCA in db/volt.

KCA D = gain constant of coherent amplitude detector in

volts/db.

F(S) = filter transfer function.

R (S) = Laplace transform of input function.

The open loop transfer function is:
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Ho(S) = KVCA KcADF(S) = G F(S)

whe re

G = K VCA KCAD

and the closed loop transfer function is:

H (S) : Ho (S) = G F (S)

1 + H o (S) i + G F (S)

The equivalent circuit of the AGC active loop filter

is shown in Figure 4-3 (the input impedance of the DC amplifier

is many times greater than R by design and can be neglected).

An analysis of this circuit shows that the transfer function is:

R ! )lC
Ein ,dVVX/' _

Eo

FIGURE 4-3. ACTIVE LOOP FILTER

I

I

I

I

E o - A
F (S) - -

Ei n 1 + RSC + ARSC

or, for RSC >> RSC
A

- 1

1 RSC

A A
+ RSC
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F (S) --
-1

l
-- + q'S
A

where T = RC

A = DC amplifier gain

SubstitutinglF (S)linto the equation for H (S)yields:

G

1 +q'S = GA

H(S) = A i + GS + ATS

G
I+

k +_s
A

or

G

H(S)= I +G+_S
A

l JJ

for X <"<" G, this reduces to

H(S) - G
G+TS

I

I

I

I

I

or

G

H(jo_)- G + j_oT

By definition, the one sided loop noise bandwidth is:
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2
H(j_) d_

substituting for H(j_) into the expression for B L and performing

the integration yields

GIT

BL = ZT
in radians per second

or

G

BL= 4T
in cycles per second

It can be shown that the steady state error in the

AGC loop, due to a step function input of amplitude _Ein, is:

_Ein

ess = lim S 1 - H(S) S
S--_0

GA /kEi n
= lim i - i + GS + ATS

S--_0

I + GA + A Ts - GA __/'xl_.inlim
I +GA +Aq'S

S-_0

I

I
I
I

I

i_Ein
ess l +GA

or, for GA>_ 1

_Ein

ess = A KVC A KCAD
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The gain constant of the CAD is:

volts

KCA D = , 115 E o db

where E o = peak of the CAD "S" curve for _ = 0

For the following system design parameters.

AGC loop performance can be predicted:

Ein = 20 db (i00 to i000 Nautical Miles)

E o = 1.0 volts

T= .ll sec

20 db
K
VCA - volt

A=50

and

20x .i15

BL- 4 x . II = 5. Z cps

the

I
I

I

I
I

2O

ess - (50)(z.3)
= .174 db

For the design goal of 50 db dynamic range:

ess
5O

(50)(2.3)
- .435 db
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4.4 Packaging

The packaging scheme was selected to provide maxi-

mum RFI shielding, maximum versatility for incorporation of

future changes with minimum redesign effort, and an easily re-

produced method of circuit construction for most economical

production in large quantities. Ordinary printed circuit techni-

ques were used for low-frequency and/or non-critical circuits.

Improved shielding and isolation of RF and IF circuits was pro-

vided when necessary by use of transformers enclosed in gold-

plated shield cans. For higher-frequency and/or more critical

circuits, a double-sided printed circuit board was used. This

technique allowed better isolation and shielding and reduced the

common-ground lead inductances at the higher frequencies. The

double-clad boards were not used in the first unit due to the de-

livery schedule but were found to be so successful that several

boards were redesigned for use in the second unit.

I
I

I
I

I

The overall packaging scheme_ a typical module,

and typical printed circuit boards are illustrated in the following

photographs.
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V. DISCUSSION OF CIRCUIT DESIGN

5. I Receiver

5. I. 1 First and Second IF Amplifier

is to:

The function of the First and Second IF Amplifier

I. Establish an IF amplifier noise figure of 7.0 db

or less.

Provide sufficient gain to the carrier and side-

band signals from the first mixer such that the

required gains of succeeding amplifiers does

not become impractical.

3. Present a 50 ohm resistive load to the micro-

wave mixe r.

I
I

I
I

I

4. Provide 50 db of automatic gain control.

5. Down convert the 103. 048 mc first IF to 14. 052 mc.

. Accomplish the above functions within a signal

bandwidth sufficiently large that any phase shift

introduced on the fine range tone sidebands are
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I
I
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I
I

I

negligible at the maximum Doppler offset.

The First IF Amplifier contains_ in the signal path:

I. An input matching network to establish the 50

ohm resistive input impedance.

Z. Two broadband, double-tuned, neutralized ampli-

fie r s.

3. A broadband cascode amplifier for AGC control.

4. A double-balanced mixer.

In addition_ a broadband neutralized amplifier tuned

to 88. 996 mc_ the Znd mixer reference frequency_ is provided

for isolation in the injection signal path cf the 2nd mixer. An

impedance matching network at the input of this stage establishes

a resistive input impedance of 50 ohms.

I

I

I
I

I

The Second IF Amplifier consists of two broadband,

cascode amplifiers tuned to 14. 052 megacycles. AGC control is

applied to both of these stages in addition to the cascode stage in

the First IF Amplifier.

The principle of the neutralization method used is
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illustrated in the simplified equivalent circuit of Figure 5-I. The

input signal is applied between the emitter and base of the transis-

tor by the secondary winding of the balanced transformer TI, and

the amplifier output appears

_k

FIGURE 5-i.

±
M

EMITTER
A

C2 _ re

B/_E

TRANSISTOR NEUTRALIZATION BRIDGE NETWORK

across Z L in the collectcr circuit. Internal feedback from the

collector to the junction of re and rb through the parallel com-

bination of r c and C c is balanced., or nulled_ at the emitter to base

terminals if:

I

I
I

I
I

1

1. SC2

I

re + SC 2

or by simplifying

1

2. SC Z re + 1

I

SC3

1

rb+SC 3

SC 3 rb + 1
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or

3. SC 2 re + 1 = SC 3 r b + 1

and finally

o SC2 re = SC 3 rb

From equation (4)._ it is evident that if the capacitive reactance s

of C2 and C 3 are properly chosen: i.e. : if:

5. SC2 = rb

SC 3 re

then internal feedback through the transistor is balanced out and

that_ furthermore, the resulting neutralization bridge is frequency

insensitive. Reverse voltage gains as high as -40 db have been

obtained with this type of neutralization. This circuit requires

a balanced input since neither the base nor the emitter may be

grounded; however., this is not a penalizing requirement. By

the proper choice of components, the network shown can be used

as a single tuned impedance matching input network_ as a single

tuned transformer coupled interstage network, or as a double

tuned equivalent of either of the above. In the 103. 048 megacycle

stages of the First IF Amplifier_ the input and the interstage trans-

formers are de signed for doubie-tuned_ transitional-coupling for

maximum gain-bandwidth.
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The problem of providing automatic gain control for

tuned IF amplifiers, without degrading the bandpass characteris-

tics of the amplifier, is well known. This problem was given care-

ful attention in the selection of the AGC method of the AROD Trans-

ponder Receiver. The severe requirement of negligible phase

shifts on the fine range tone sidebands dictate that a minimum

number of tuned circuits be used in the sideband signal path and

that these circuits have the widest practical bandwidth; and the

AGC action must have the minimum possible effect on the center

frequency and bandwidth of any tuned circuits in the gain controlled

stages. The first requirement indicated that active AGC stages which

have power gain, as opposed to voltage controlled attenuators with

inherent insertion losses, were desired. A review of the effects of

transistor parameter changes upon the Q and center frequency of

tuned circuits, with either forward or reverse AGC, indicated the

need for isolating the tuned circuits from the gain controlled stage.

A cascode circuit, which satisfies both of the above requirements,

was used as the AGC'd stages in the first and second IF amplifier.

A typical circuit consists of transistors Q3, Q4 and Q5 in SCI Draw-

ing 362069. In this circuit, the gain of the grounded emitter stage

is controlled by using the relationship of the current gain _ to the

emitter bias current. The bias current is varied by means of the

variable voltage divider consisting of RI3, R14 and transistor Q3.
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The effectiveness of the oascode arrangement can be appreciated when it

is realized that the tuned circuit of this stage is isolated from changes in

transistor parameters as Q4 bias is changed. The operating point of Q5

is not varied and any change iv_ the output impedance of Q4 is isolated from

the tuned circuit by the grounded base amplifier, Q5. The interstage band-

width between Q4 and Q5 is sufficiently large, due to the low input imped-

ance of the grounded base stage,

changes of Q4 are insignificant.

that the effects of collector impedance

Changes in the input impedance of a

grounded emitter amplifier with changes in the emitter bias are not severe.

This, in addition to the small damping resistor, RII, across the secondary

of the input transformer, effectively isolates the controlled stage from the

tuned circuit of the preceeding stag,-.. AGC compressions of 20db per

stage with very small effect upon the overall bandpass characteristics

are obtainable with this circuit.

The second mixer, consisting of transistors Q7 and

Q8 in SCIDrawing 362069_ is a double-balanced configuration in

which both input signals are balanced out at the common collector

circuit, leaving only the beat signals and harmonics of the inputs.

In this circuit, the single ended IF input is applied to both the

base of one transistor and to the emitter of the other, and the
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single ended reference signalis applied to the other base-emitter

pair. Since the voltage gain of the grounded emitter stage is equal

and opposite to that of the grounded base stage, the net gain is zero

at the input frequencies. The only additional balancing necessary

for this type of circuit is a balancing of the translstor gains_ how-

ever, balancing requirements are not critic_l in this application

and additional balancing c_ntrols were not included. The band-

width of the tuned circuit !n the collectcr circuit iapproximately

Z0 mc) is sufficiently wide to avoid phase shift problems on the

fine range tone sidebands_ yet Jt effectively filters out harmonics

of either mixer input. The injection signal level was adjusted, by

the voltage divider of RZ7 and RZS: for the best S/N ratio from

the mixer.

5. I.Z Sideband and Carrier IF .Amplifiers

The functions of the Sideband and Carrier _I.F..Ampli-

fiers are:

I

I
I

I . To separ:_,te the ca_rr_,e,rfrom the range tone

sidebands: thereby forming separate channels

for e:acb of these signals to the product demodu-

lator in the Sideband De:n__oduiator Board.
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To reduce the noise bandwidth through the side-

band channel to approximately 60 kilocycles.

To reduce the noise bandwidth through the carrier

channel to approximately 17 kilocycle s.

To provide amplification to the range tone side-

bands and to the carrier.

To accomplish the above functions in a manner

which will preserve the required phase relation-

ships of the range tone sidebands and the phase

relationship of the sidebands to the carrier. The

requirement that the phase slopes of each crystal

filter be inversely proportional to its center fre-

quency has been established in a previous section

of this report.

I

I
I

I
I

filter s,

be low:

. To provide an analog monitor output proportional

to the S/N ratio in the carrier channel.

Specifications for the proportional phase slope crystal

as written by Space Craft, Inc. for the vendor, are listed
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Specifications Item I - AROD Proportional Slope IF Sideband Filters

I

I

I. Z = 50 ohms i 5% resistive source and load.

Z. Phase slopes inversely proportional to filter center frequency.

3. Temperature range -22°C to +70°C.

.

.

.

Differential phase shift on highest modulation frequency

(2. 342 mc) due to all causes (±36 ppm Doppler, tempera-

ture, and other causes) to be ±0.5 degrees maximum, design

goal.

Differential phase shift on other modulation frequencies

from all causes _=2 degrees maximum.

Noise bandwidth on Filter #1 to be 15 KC maximum. Noise

bandwidth on other filters to be somewhat greater in approxi-

mate proportion to center frequency. (Input noise bandwidth

approximately 10 mc).

I
I

I
I

I

, _ 3!Approximate physical size Z 1 x x 1 for 4 each filters in
2 4

each package.

. Input and output connector Microdot Type 31-01 (Mating

Microdot Connector is 32-23).

V-9
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I0.

Overall insertion loss 12 db maximum. Insertion loss on

Fb, F3, F1, and Fa to be matched within ±0.5 db.

Maximum relative attenuation between F1 and F1 e & f and

F2 and FZ ± _f to be 1 db maximum. (_f to include ±36

ppmDoppler, temperature effects, etc.)

11. Shock and Vibration: Normal bench handling.

12. Ultimate Rejection: 30 db minimum at 73 kc from center

frequency.

Specifications Item 2 - AROD Carrier Tilter

I. Center frequency 14. 052 mc {tolerance on center frequency

to be determined by phase considerations, Item 10).

2. Noise bandwidth approximately 15 kc maximum.

3. Temperature: -20°C to 70°C.

4. Approximate physical size, 2 1 x 1 x 1.
4

. Input and output connector Microdot 31-01 {Mating Connector

is Microdot 32-23).

6. Insertion loss 3 db maximum.

V'IO



7. Source and load Z = 50 ohms ±5% resistive.

I

I

I

I

I

I

I

10.

8. Ultimate rejection 40 db at i00 kc maximum.

9. Shock and Vibration: Normal bench handling.

Phase slope inversely proportional to frequency referenced

to sideband filter #1, Figure 5-Z, phase error to be less

than ±5 ° due to all causes (±36 ppm Doppler, tempera-

ture and other causes).

The Sideband I. F. Amplifier schematic is shown in

SCI Drawing 362100. Transistor stages Q1, Q2, Q3, and Q4 are

single-tuned, wide-band amplifiers with approximately 15 db gain

each; the interstage bandwidths are approximately 30 megacycles.

Neutralization was not necessary for these amplifiers because of

the relatively low gain per stage.

An output to the Carrier I.F. Amplifier is provided

from the secondary of transformer T1. A 50 ohm attenuation

pad, consisting of resistors R5, R6 and R7, provides approxi-

I

I

I

I

mately I0 db of isolation between the input of the Carrier I. F.

Amplifier and the input circuit of transistor QZ.

To insure proper performance of the crystal filters,
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the correct terminations at both the input and output of the filter

must be provided. The importance of providing the correct ter-

minations at these points can be realized when it is noted that the

center frequencies of the two fine range tone filters are 4. 684 mega-

cycles apart and each of the filters must be properly terminated.

According to the filter vendor, a proper termination consists of

a 50 ohm resistive source and load, each shunted by a total of 12

picofarads. The filter output termination consists of variable capa-

citor C18 and the 50 ohm, I0 db attenuation pad formed by resistors

RI5, IRI6 and iRl7. The input termination is provided by the transis-

tor buffer stage, Q5, which has as its load impedance a 51 ohm resis-

tance, Rl2, shunted by variable capacitor C15. The proper input and

output reactances were adjusted with an R-X meter, through a half

wavelength coaxial cable at 14. 052 megacycles.

The schematic of the Carrier I.F. Amplifier is shown

in SCI Drawing 362105. Transformer TZ and capacitors CI, CZ

and C3 were selected to provide a resistive input impedance of 50

ohms. Amplifier Q2 provides approximately Z0 db of gain to the

entire spectrum of signals from the Sideband I.F. Amplifier, and

applies them to the carrier filter. The filter bandwidth is suffi-

ciently narrow to pass only the carrier signal to amplifier Q3 for

an additional 20 db of amplification. Amplifier Q3 then feeds the
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carrier to the demodulator boards. Amplifiers Q2 and Q3 are neu-

tralized (see the circuit description of the First I.F. Amplifier for

an explanation of the method of neutralization), single-tuned I.F.

stages. The requirements for the carrier filter terminations are

the same as for the sideband filters except that the bandwidth re-

quirements are not nearly as severe. The termination networks

consist of the 50 ohm attenuation pads of Rg_ RI0 and RII at the

input and RI2, RI3 and R36 at the filter output. Each pad pro-

vides an isolation of I0 db between the filter and the transistor

circuits. Capacitors C14 and C15 were selected to provide a

capacitive reactance equal to 12 picofarads at the filter input

and output networks.

The function of the circuits which include transistors

Q4, Q5 and Q6 is to provide an analog monitor output which is pro-

portional to the S/N ratio in the carrier channel. For a better under-

standing of the significance of this circuit, refer also to the AROD

Transponder Receiver Block Diagram, SCI Drawing 362034; the

S/N monitor circuit includes the last six blocks of the Carrier [.F.

Amplifier. Note that the total gain from the Ist mixer to the output

of the first stage of the Carrier I.F. Amplifier is sufficient to pro-

duce a relatively large noise level within the wide overall band-

width up to this point. If a signal is also present in the amplifiers
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a large part of the noise power appears as AM modulation im-

pressed on the signal. After approximately 20 db of amplifica-

tion at the IF frequency by amplifier Q4, the AM noise components

are removed from the carrier by the detector CRI. The low pass,

M-derived filter consisting of C43_ C44_ and C45 and L8 has a

notch at 14. 052 megacycles so that only low frequency noise com-

ponents are applied to the noise amplifier Q6. The noise is ampli-

fied by Q6 and rectified by the transistor noise detector Q5; the AC

components are removed by the low pass filter consisting of R40 and

R34 in the Q5 collector circuit. The amplifier gains were selected

such that the inherent system noise, in the absence of any signals,

will just saturate Q5; therefore, the DC voltage level at monitor

point 10A will be approximately i. 0 volt. Now, consider the case

where the receiver is locked on a signal. The AGC loop will hold

the total power (signal plus noise} into the S/N monitor circuit

approximately constant; i.e., as the signal level increases, the

noise level will decrease. As the noise level decreases, the drive

to the noise detector decreases and the DC level at monitor point

10A increases to approximately 20 volts at the maximum signal level

specified for the AROD Transponder Receiver. Thus, it is seen that

the DC level at the monitor point is a function of the S/N ratio pre-

sent in the Carrier I.F. Channel.
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5. 1.3 Demodulators

This module contains the Sideband Demodulator board,

the Carrier Demodulator board and the AGC Demodulator board.

5. 1. 3. 1 Sideband Demodulator

The Sideband Demodulator schematic is shown in SCI

Drawing 362075. In the sideband signal path is the isolation ampli-

fier Q1, the product detector consisting of Q2 and Q3, and the buffer

amplifier Q4.

Amplifier Q1 is a single tuned, grounded emitter I.F.

stage tuned to 14.052 megacycles. It provides approximately 15

db gain to the sideband signals in an interstage bandwidth of approxi-

mately 25 megacycles.

The product detector is similar to the double balanced

mixer described in the First I.F. _Amplifier section. The 14.052

megacycle injection signal, which is derived from the Receiver

VCO, is applied to the base of Q3 and to the emitter of Q2. Be-

cause the gain of the grounded base stage is equal and opposite to

the gain of the grounded emitter stage,

out in the collector circuit. Likewise,

the injection signal is balanced

the sideband I.F. signals are

balanced at the collector leaving only the products and even order
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harmonics of the carrier and sidebands. The 2.342 megacycle

bandpass filter, consisting of LII and C53 and C54 at the collec-

tor circuit, ensures that only the demodulated range tones will be

presented to the Range Tone Circuit.

I

I
I

I
I

I
I

I

I

I
I
I

The video amplifier and detector Q5 and CR4 pro-

vide a DC output to the monitor panel which is proportional to the

total demodulated signal power output of the product demodulator.

The 28. 104 megacycle signal from the Receiver VCO

is applied to the varicap divide-by-two circuit by the driver ampli-

fier stage, Q6. The resulting 14.052 megacycle signal is distri-

buted by amplifiers Q7, Q8, and Q9 to supply the reference signal

for the product demodulator, the carrier phase detector and the AGC

phase detector respectively. The I.F. stages of Q6, Q7, Q8 and Q9

are identical to the neutralized I.F. amplifiers discussed in previous

sections except for center frequency. Attenuation pads at the output

of Q7 sets the proper signal level to each reference output.

In the divide-by-two circuit_ which includes varicaps

CRI and CR3, the primary winding of transformer T5 was designed

to form a series resonant circuit with the two varicaps at the de-

sired output frequency at 14. 052 megacycles; resistor R29 and the

turns ratio of T5 were selected to allow the maximum practical Q
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of this circuit. Diode CR2 limits the back bias on the varicaps

to facilitate proper tuning and to increase the circuit's tolerance

to changes in drive level.

5. I. 3.2 Carrier Demodulator

I

I

I
I

I
I

I

I
I

I
I

I

The schematic of the Carrier Demodulator is shown in

SCI Drawing 362085. This board contains the phase error detector

of the Transponder Receiver's main phase locked carrier loop. The

14. 052 megacycle carrier is applied to one input of the phase detec-

tor, via transistors Q1 and Q5 and the 14. 052 megacycle reference

signal derived from the Receiver VCO is applied to the other input

via transistor Q4. The phase detector output, which is proportional

in amplitude and polarity to the difference in phase of these two signals,

is applied to the Receiver VCO (through the Main Loop Filter) to close

the loop.

In the acquisition mode, the Receiver VCO must be

locked on a 28. I04 megacycle signal from the Command Receiver.

Accordingly, the Command Receiver output is amplified by Q3,

divided to 14. 052 megacycles by the divide-by-two circuit of CR5

and CR6, and is then applied to the signal input side of the phase

detector by transistors QZ and Q5. Transistor Q1 is switched off

during the acquisition mode and transistors Q2 and Q3 are switched
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off after acquisition is completed in order that both the carrier

and Command Receiver output are never simultaneously applied

to the phase detector.

Transistor stages QI, Q3, Q4 and Q5 are neutralized

I.F. amplifiers; the method of neutralization has been explained

in Section 5. I.I. Transistor stage QZ is a grounded emitter

configuration in order that an output to the AGC Demodulator

board be provided for acquisition purposes. This will be ex-

plained in the next section. Transformers TI, T5, T6 and TI0

are designed to provide a 50 ohm resistive impedance at their

re spective inputs.

Diodes CR3 and CR4 form a shunt limiting network

in the collector circuits of Q1 and Q2. The basic purpose of the

limiter is to reduce the noise spikes from the system in order

that the reference level requirements into the phase detector

did not become impractical. This method permits the use of a

larger S curve for increased open loop gain with minimum degra-

dation in the carrier S/N ratio.

The phase detector, which includes CR9 and CR10,

is a standard two-diode peak detector operating with the coherent

inputs normally in quadrature. The detector is designed to oper-
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ate with a reference input level greater than twice the signal in-

put level. The reference input is link coupled to the detector

to reduce discriminator action unbalances due to Doppler. A

differential capacitor is used between each side of the reference

input transformer to balance any reactive components inherent

in the circuitry. The S curve of the detector is approximately

5 volts peak with a -Z0 dbm carrier input to this board.

The divide-by-two circuit has been explained in the

previous section, 5. i. 3. i.

The switching circuits operate as follows:

When the Transponder Receiver main loop is locked,

the Schmitt trigger output is approximately +19 volts DC. This

voltage is applied to the transistor gate O6, through the voltage

divider of R34 and R2. The divider is designed to supply suffi-

cient voltage to saturate Q6 so that its collector impedance is

small. Note that the emitter resistor of Ol (also the emitter

resistor of QI in the AGC Demodulator board) is grounded through

Q6 and CRI when Q6 is saturated; therefore, Q1 is biased on and

amplifying. The voltage at Q6 collector is approximately + 0.5

volts or less. The voltage divider consisting of RI6 and CR8 applies

approximately -0.7 volts to the cathode of CR2 and to the base bias
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network of transistors QZ and Q3 in the Command-Receiver signal

path, so that these two stages are biased off.

When the receiver is in the acquisition mode, there is

no output from the Schmitt trigger, and transistor Q6 is off; the

voltage at Q6 collector is approximately + 15 VDC. Diode CR1 is

reverse biased so that transistor Q1 cannot conduct but CRZ is now

forward biased. Current flows through R5 and CRZ to establish pro-

per base bias voltages at transistors QZ and Q3. These transistors

are biased on and the signal path between the Command-Receiver in-

put and the phase detector is completed.

5. 1. 3. 3 AGC Demodulator

A brief discussion of the AGC system is included in

the Receiver section of the AROD Transponder Theory of Operation.

For a detailed schematic of the AGC Demodulator, refer to SCI

Drawing 36Z 108.

I

I
I

I
I

Transistor Q1 stage is a switched, distribution ampli-

fier tuned to 14. 052 megacycles. The input impedance of QI, through

transformer TI, is 50 ohms resistive. Q1 receives the carrier from

the Carrier I.F. Amplifier and distributes it to the Carrier Demo-

dulator board and to the AGC product detector. It is switched off dur-
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ing acquisition by the output of the transistor gate on the Carrier

Demodulator board; for an explanation of the transistor gate and

switching circuits, see the section on the Carrier Demodulator.

The attenuation pad, consisting of R5_ R53 and R54, in the secon-

dary circuit of transformer T2 provides isolation between the

Carrier Demodulator input and the input circuit of Transistor

OZ. It also provides a gain adjustment in the carrier signal

path into the AGC product detector.

Transistor stages 02 and Q3 are driver amplifiers

for the AGC product detector. They are neutralized I.F. stages

tuned to 14. 052 megacycles; the method of neutralization has been

discussed in the section on the First I.F. Amplifier. The output

of the phase detector reference driver, Q3, is link-coupled into

the detector to reduce discriminator effects which would produce

DC errors due to Doppler shifts.

The product detector, which includes CRI and CR2,

is identical to the phase detector explained in the previous section

on the Carrier Demodulator. The S curve is 5 volts peak for a -30

dbm carrier level into the AGC Demodulator board.

Transistor stage Q4 is an isolation I.F. amplifier stage

tuned to 14.05Z megacycles. It is neutralized by the bridge neutra-
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lization method explained previously. Its input impedance, through

transformer T9, is 50 ohms resistive.

The output of Q4 drives the 90 degree phase shifter

consisting of the secondary of transformer T8, capacitors C33

and C34 and inductor L4. The input impedance of Transformer

T7 is 50 ohms resistive; the inductive reactance of L4 and the

capacitive reactance of the parallel combination of C33 and C34

are also 50 ohms at the carrier frequency. The voltages at each

end of the T8 secondary are equal in amplitude but 180 degrees

out of phase. By superposition, the voltage across the 50 ohm

resistive input to T7 lags the voltage of T8 to which inductor L4

is connected by 45 degrees; likewise it leads the voltage of T8 to

which the capacitors are connected by 45 degrees. When these

voltages are added vectorially, the resultant voltage has been

shifted by in phase by 90 degrees from the input voltage.

The AGC active loop filter consists of R22 and capa-

citor C5Z which is connected in parallel with the DC operational

amplifier. The operational amplifier provides a DC gain of 50

in the AGC feedback path and acts as a capacitive multiplier in

the loop filter. The filter parameters are chosen to establish

an AGC loop bandwidth of approximately 3 cycles per second.
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The amplifier is a differential balanced type with input and out-

put voltages nominally centered at zero. Temperature stability

is obtained by use of the matched input transistors, by the use of

a large amount of negative feedback and by the use of compensat-

ing transistors QI0 and QII. Q9 and its associated circuitry

form a current source which improves stability by establishing

a high degree of coupling between the two differential amplifier

sections.

Transistors QI5 and QI6, and the associated circuitry,

at the output of the AGC loop filter form a modified Schmitt trigger.

The output voltage of the trigger is zero for AGC voltages less than

approximately i. Z volts; it is approximately 19 volts for AGC volt-

ages above this level. The Schmitt trigger drives the transistor gate

in the Carrier Demodulator board and the relay, which switches the

main loop active filter time constant, on the Main Loop Filter board.

I

I

I
I
I

During the acquisition mode, part of the signal from the

Command Receiver is applied to transistor QZ through a 14.05Z mega-

cycle half wavelength, lumped-constant, transmission line consisting

of LIZ, C56 and C57. The delay line shifts the phase of the signal

so that an AGC voltage of sufficient amplitude to actuate the Schmitt

trigger is developed. The Schmitt trigger output causes the Trans-
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capacitor C9 is adjusted for maximum output when Q1 is operated

as an amplifier at 28. 104 mc. Buffer amplifier Q2 isolates the

VCXO from load variations so that the required center frequency

will be maintained.

The four-stage distribution amplifier feeds the 28. 104

mc signal from the VCXO to various other parts of the Transponder

as required. One of the amplifiers is gated off to turn off the 28.104

mc signal to the Transmitter Tracking Loop during acquisition.

The Main Loop Filter consists of a high-gain (A = 50)

operational amplifier with suitable feedback networks and relay

switching to provide the required loop filter and gain characteris-

tics in both the acquisition and operate modes of operation. The

feedback network consists of C9, R17, and R4 in the acquisition

mode. In operate mode, a 20 db attenuator consisting of R1 and

R2 reduces the effective phase detector gain constant to the re-

quired value. The feedback network for operate mode consists

of C9, R17 and R3. A switching signal from the loop lock sensor

in the AGC Demodulator closes the relay as soon as the VCO is

locked to the acquisition signal.
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ponder Receiver to switch from the acquisition mode over to main

loop operation. Then, as long as the receiver is locked on a

carrier, an AGC voltage is developed which holds the Schmitt

trigger on and the receiver remains in the main loop mode.

5. 1.4 Receiver VCO

The Receiver VCO Module contains the 28. 104 mc

VCXO (SCI Drawing 362180), a distribution amplifier board

(SCI Drawing 362031), and the Main Loop Active Filter (SCI

Drawing 362082).

The VCXO consists of transistor QI, a third over-

tone 28. 104 mc crystal and two PC 115 varicaps in the feedback

loop to allow frequency control from an external DC control volt-

age. The two varicaps and coil L2 form a series resonant cir-

cuit at approximately the crystal frequency. Pulling of the crys-

tal frequency occurs as a result of the reactive component pre-

sented by the series resonant circuit when it is detuned slightly

due to DC applied to the varicaps. Coil L3 tunes out crystal

holder capacity and serves as a linearity control on the VCXO

output frequency--voltage characteristic. Variable resistor R2

sets the DC bias on the varicaps and thus sets the VCXO center

frequency to the exact required value. Oscillator tank tuning
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5. I. 5 Receiver Synthesizer

The Divide-By-24-Loop is shown in SCI Drawing

362009. The loop is designed to provide an output both frequency

and phase coherent with the input at 1/24 the input frequency. The

loop parameters of gain and bandwidth were selected for minimum

phase error versus Doppler, minimum lock-in time, maximum har-

monic rejection, and a lock-in range consistent with system require-

me nt s.

All of the amplifiers are used for both signal ampli-

fication and isolation. Each uses common emitter circuitry oper-

ated class A. The collector circuits are single tuned, parallel

resonant at the appropriate frequency.

The phase detector used in the divider is a standard

two-diode peak detector operating with the coherent input signals

normally in quadrature. The detector is designed to operate with

a reference input level greater than twice the signal input level.

(Reference input refers to the multiplier input--see schematic

diagram.} The reference input is link coupled to the detector to

reduce discriminator action unbalances due to Doppler. A differ-

ential capacitor is used between each side of the reference input

transformer to balance any reactive components inherent in the
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circuitry. The S-curve of the detector is 5 volts peak resulting

in a gain of 0. 0833 volts/degree.

The loop filter following the phase detector is a simple

RC lead-lag filter. The two time constants set the loop noise band-

width at a damping factor of 0.71.

The voltage-controlled oscillator (VCO) used in the

divider operates at exactly 1/24 the input frequency when the

loop is locked. A crystal-controlled oscillator is used so that

it will not drift outside the loop lock-in range under unlocked

conditions nor produce a large loop error when the loop is locked.

The oscillator circuit uses a common base amplifier

parallel resonant in the collector circuit. A portion of the output

current is fed back to the emitter through a series tuned circuit

to sustain oscillations. Frequency stability and control is deter-

mined in the feedback circuit which is extremely narrow band where-

as the collector anti-resonant circuit is relatively low Q. The

feedback circuit consists of a crystal series resonant at exactly

the oscillator center frequency, two series varicaps (voltage con-

trolled capacitors) and an inductor. The inductor and varicaps

are also series resonant at approximately the center frequency.

Any change in varicap capacity, caused by a voltage change from
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the loop filter° pulls the center frequency of the feedback circuit

thus changing oscillator frequency.

The two multipliers_ X6 and X4, use conventional

common emitter amplifiers. Each is biased for maximum multi-

plication efficiency at the available driving power level. The

collector circuits are para]lel tuned at the respective output

frequency. The first multiplier uses a double-tuned output cir-

cuit for greater harmonic efficiency.

The X58 multiplier loop is shown in SCI Drawing

362141. The VCO, phase detector_ and X2 circuits are simi-

lar to those just discussed in the Divide-By-Z4-Zoop except

that a third overtone crystal is used in the 33. 959 VCXO.

The PCO (pulse controlled oscillator) multiplier

consists of the LC oscillator Q9 and switching transistor Q8.

In addition, a PCO driver is made up from buffer amplifier Q5

and Schmitt trigger Q6 and Q7. Diode CR6 clamps the switch-

ing transistor base to the positive supply voltage and prevents

reverse voltage from breaking down the base-emitter junction

of Q8. Isolation amplifier Ql0 prevents excessive loading of

the PCO and provides the necessary signal level to the phase

detector input. Capacitor C41 is the PCO frequency tuning ad-
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justment. The center frequency of the LC tuned circuit containing

L3 and C41 determines the exact frequency component which is

emphasized most in the PCO output spectrum.

The X76 Multiplier Loop is shown in SCI Drawing

362162. This loop is similar to the X58 loop except for use of

a simple DC amplifier following the phase detector and the use

of high-frequency high-performance FD-700 switching diodes in

the phase detector. In addition, a X2 multiplier is included in

the phase lock loop feedback circuit to allow movement of the

output frequency in increments of 1/4 fo as discussed in the

Theory of Operation section. Design of the X76 Loop is per-

haps the most difficult of all the multipliers in the Transponder

due to the high PCO frequency, high PCO multiplying factor,

high phase detector frequency, and high VCXO operating fre-

quency.

I
I

I
I
I

5. I. 6 X32 Multiplier

A s sociate s.

The X32 multiplier was purchased from Microwave

Specifications for the multiplier are listed below:

Input Frequency

Output Frequency

67. 918 mc

2173. 376 mc
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Input Power

Output Power

DC Supply Voltage

Spurious Suppre s sion

Temperature

Size

Output Connector

Input Connector

Power Connector

10 mw

10 mw

+20V

More than 30 db

-20 to +70°C

1.6 x 3.0 x 9.0 inches

Type N

Type TNC

Bendix

5. I. 7 Range Tone Circuits

The 2. 342 mc and 2. 2688125 mc Range Tone Loops

are shown inSCI schematic drawings 362007 and 362016. These

loops are essentially similar except for the limiter in the signal

input amplifier, QII, in the 2. 2688125 mc loop. The phase detec-

tors, VCO's, DC amplifiers, and other circuits are the same ex-

cept for operating frequency and/or slightly different adjustment

of phase detector gains as discussed in Section 4.2. Loop band-

widths are the same at threshold but the 2. 2688125 mc limited

lo.op becomes somewhat wider at higher input S/N ratios.

The output of the 2. 342 mc phase detector contains

the demodulated coarse range tone signals at i. 1078 kc and
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I. 1793 kc. Therefore, this output is fed to the active filter on

the Sideband and Identification Generator board (SCI Drawing

36ZI16).

The DC operational amplifier consists of eight tran-

sistors and three zener diodes. The 2N2453 input transistor is

actually two matched transistors in a single TO-5 case. The

amplifier is a differential balanced type with input and output volt-

ages nominally centered at zero. This type circuit requires both

+20 and -20 volts DC for proper operation. Temperature stability

is obtained by use of the matched input transistors and by use of

a large amount of negative feedback. A current source formed by

Q9 and the associated circuitry insures a high degree of coupling

between the two differential amplifier sections and thus improves

stability and common-mode signal rejection.

The active filter for the 1. I078 and the 1. 1793 kc

signals is shown in the lower left corner of SCI Drawing 362116.

The requirement for this filter was to produce a very sharp cut-

off circuit either side of two pass frequencies at I. 1078 kc and

I. 1793 kc. The circuit operates over the range of -Z0 to +70°C

and over this range has an output stability of ± 10% in amplitude

and 4-lo in phase shift. An attenuation of 20 db is required be-
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tween the pass frequencies and the _ narrowest possible band out-

side the pass frequencies. The input impedance is not less than

lOOk ohms.

The factor which most affects design is the phase

shift stability requirement. Considering the 6db bandwidth of

a tuned filter, the phase shift which occurs between 6db points

is 120 degrees. This is to a first order of accuracy a linear

phase change with frequency. The bandwidth to obtain the re-

quired attenuation between pass frequencies has to be in the or-

der of 30 cycles in a practical circuit. Thus, the rate of change

of phase shift with frequency is 4 degrees per cycle, giving a

frequency stability requirement for the filter of not greater

than ±0. g5 cycles or ±.022 percent.

The circuit which has been chosen to produce the

necessary characteristics uses two LC tuned circuits in a Q

multiplying feedback circuit. The filter amplifier consists of

two transistors Q7 and Q6 in a feedback pair, giving high input

impedance and a stable gain of approximately three. The output

is fed back to the input in positive phase to multiply the Q of the

two tuned circuits formed by L4 and L5 and their associated

capacitors. The values in the circuit are dictated by the input
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impedance requirement and the maximum tuned circuit impedances

obtainable. The tuned circuits have to be DC blocked to maintain

the DC bias conditions of the amplifier and the feedback path is

DC blocked to prevent low frequency instability due to series reso-

nance of the tuned circuits.

The value of the feedback resistor RZZ gives control

of the Q and hence the bandwidth of the overall circuit. It has a

critical value in the region of 15K ohms where the greatest Q is

obtained. To obtain a 30 cycle bandwidth, the circuit is detuned

by using a 47K ohm resistor.

An output stage Q8 is provided to raise the output

signal to the required voltage and power levels.

To meet the stability requirements special care was

necessary in the selection of components for the tuned circuits.

An inductor wound on a stabilized toroidal core is used. This

core material gives a controlled linear positive coefficient of in-

ductance with temperature. The inductance is tuned with a com-

posite capacitor composed of polystyrene and mica capacitors.

The temperature coefficient of polystyrene capacitors is almost

equal and opposite to the temperature coefficient of the inductor

while the mica capacitors have a small positive coefficient. There-
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fore, the change in inductance is nearly compensated by the change

in the polystyrene components and exact compensation is achieved

by empirically adjusting the polystyrene to mica ratio in the com-

posite capacitor. The two tuned circuits are adjusted individually

and there is little interaction between the two when connected in

series. The slight shift of center frequency which occurs is

readily padded out without interfering with the temperature com-

pensation. For practical purposes, the center frequencies are

set at the zero phase shift points since the zero phase shift and

peak amplitude points are not coincident in the compound tuned

circuit. Since similar inductors are used for both frequencies_

a series resistor is added in the higher frequency circuit to equa-

lize the amplitude of the two peaks.

The 2. 2688125 mc identification generator crystal

oscillator also appears on Drawing 362116. This oscillator uses

a series-mode crystal in a two-transistor emitter-coupled circuit.

Output of the oscillator is gated by the shunt modulator consisting

of transistors Q3 and Q4. The input to Q3 is from the site identi-

fication code generator in the Command Logic equipment. The

crystal oscillator is also gated on or off for different operating

modes by the Range Tone Gate input to gating transistor QI4 and

the diode CR1. Output of the I. 1078 and I. 1793 kc filter is also
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gated on or off by the same input.

The 2. 342 mc signal from the Range Tone Loop is

remodulatedwith the I. 1078 and I. 1793 kc signals from the

active filter in the modulator/combiner circuit consisting of

QI0, QII, QIZ and the resistive adder network R43 and R45.

The .AM modulator produces the required output spectrum but

with too much 2. 342 mc carrier amplitude to meet the output

spectrum amplitude requirements. Therefore, a 180 degree

phase shift is added to the Z. 342 mc carrier and the phase shifted

carrier is" combined with the AM modulator output to reduce the

output carrier amplitude to the specified level. The modulator

is similar to a beam-switching tube-type modulator in that tran-

sistors QI0 and QII turn the current on and off in coil L6while

the modulated current source Q12 controls the amount of current

through L6 in accordance with the modulating signal from the active

filter.

5.2 Transmitter

I
I

I
I

5. 2. 1 Transmitter Trackin_ Filter

This module contains the 28. 104 mc Tracking Loop,

the Doppler Reverser, and a Divide-By-24 Loop (see Transmitter

Block Diagram}. The Divide-By-Z4 Loop has been discussed in
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Section 5. I. 5. The Tracking Loop and the Doppler Reverser

will be discussed in this section.

All the 28. 104 mc tracking loop circuitry except the

VCO is shown in the Tracking Loop Schematic (362039). The phase

detector, driver amplifiers_ and loop filter are similar to circuits

which have already been covered in previous sections. The loop

filter is a passive type consisting of R9, Ri3, RI4, and C14. Addi-

tional circuitry included to provide a visual indication of loop lock

consists of a coherent amplitude detector followed by a Schmitt trig-

ger. No output is obtained from the amplitude detector unless the

tracking-loop is locked. The Schmitt trigger output is approxi-

mately +18 volts when the loop is not locked, and is very small

(less than 1 volt) when the loop is locked.

The Doppler Reverser circuits (362064) were designed

with particular attention to minimizing spurious signal feedthrough

to the outputs. The X4 multiplier is made up from two doubler

stages each of which uses two transistors with push-pull input

and paralleled outputs. Thus the fundamental and all odd-order

harmonics are balanced out and do not appear in the outputs with

any significant amplitude. The two mixers are balanced to both

input signals so that these signals do not appear at the mixer out-
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puts. The summing mixer consists of transistors Q8 and Q9.

The 8 fo and 12 fo signals are fed to buffer amplifiers Q6 and Q7,

respectively and are linearly added in the primary of transformer

T3. Thus both signals are fed to the balanced input of the mixer

and are cancelled out at the mixer output. This mixer output is

tuned to 20 fo by L6 and C34. Impedance matching to the next

amplifier Q10 is accomplished by selecting the ratio of C33 and

C34. The output of Q10 at 20 fo feeds the subtracting balanced

mixer composed of transformer T 4 and diodes CR5 and CR6. The

other input to this mixer at 32 fo is fed to the center tap of trans-

former T4 so that it is also balanced out at the mixer output. The

mixer output then feeds common-base amplifier Q11 and buffer

amplifiers Q12 and Q13. The Doppler Reverser output is switched

off by removing the +5 volt control signal from the Doppler Compen-

sation Gate input. The application of the +5 volt control signal re-

verse biases diodes CR3 and CR7 so that normal operating base

biase is applied to transistors Q7 and Qll. The removal of the

+5 volt control signal by shorting the Doppler Compensation input

line to ground through a low impedance results in the reduction of

base bias to 07 and Q11 to a point where the transistors are non-

operative and will not pass a signal.

V-37



I ° •

!

i

i

i

I
I
I

I

I
I

I

5. 2° 2 Tracking VCO and Reference Oscillator

The 28. 104 mc VCXO has been described in Section

5. I. 4. The VCXO in this module is identical to the one used in

the receiver. The VCXO distribution amplifier contains three

conventional common-emitte_t amplifiers to provide the required

power output and isolation of the VCXO from the loads. See SC!

Drawing 362028 for schematic diagram. Output No. I feeds back

to the 28. 104 mc phase detector in the transmitter tracking loop;

output No. 2 feeds the Divide-by-24 Loop in the Transmitter Track-

ing Filter module.

The !8. 736 mc {8 fo) Reference Oscillator and its

buffer amplifier are also contained in this modu]e_ Schematic

diagram number 362048 shows the oscillator circuit. The buffer

amplifier appears in schematic number 362072.

The 18. 736 mc oscillator is an unusual circuit which

I
I

I
I,

I

has some distinct advantages in frequency and amplitude stability.

The circuit is a ser_es resonant crystal oscillator built around an

emitter-coupled differential amplifier. Emitter coupling gives

symmetrical limiting and a relatively constant high output impedance.

The factor which adversely affects frequency stability
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in an oscillator is phase shift in elements other than the controll-

ing element. If all phase shifts other than controlling elements

are considered as a tuned circuit of a given Q, called QS, and the

crystal is considered as a tuned circuit of a higher Q, called QX'

then the oscillator drift due to causes other than the crystal is

given by the equation:

I°slfoscillator = _fcircuit

Since Q and phase shift are proportional, unnecessary phase

shift should be kept to a minimum.

The limiting action of the differential amplifier is

such that the output is a square wave of current from a high im-

pedance source. Since there is little second harmonic in the out-

put current, a low-Q filter can give a clean output signal. Since

this filter is in the frequency controlling loop making it low Q

improves stability. There is little phase error introduced by the

limiting action. This again insures good stability.

Referring to the schematic, SCI-362048, it can be

seen that QI and Q2 form a differential amplifier which is emitter

coupled by R8. R6 is used to give a proper load to the crystal and

R7 is used to balance the no-signal currents and to insure starting.
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The output of Q2 is taken out through TI. C5 is used to resonate the

primary of TI_ forming the low-Q filter needed to insure a clean

output. The output of T1 is fed to the base of Q1 through a series-

resonant crystal and a series-resonant trimming network formed

by LI_ C2 and CII. Zener bias is used to stabilize the frequency

against incidental FM produced by power supply noise and drift.

The buffer amplifier is a common-base amplifier

padded to provide unity power gain. The common base stage

gives the best isolation of the three one-transistor configurations

if the transistor is used well below Alpha cutoff. Zener bias is

used on the buffer to further reduce the effect of power supply

noise on the reference oscillator.

5.2. 3 Transmitter Synthesizer

The Transmitter Synthesizer consists of two PCO

multiplier loops similar to those previously described in the

Receiver Synthesizer module. The X60 Loop is shown schemati-

cally in SCI Drawing No. 362091_ and the X57 Loop is shown in

Drawing 362139.

Output from the X60 Loop can be changed in incre-

ments of i/4f o as explained in the Theory of Operation. Output
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from the X57 Loop can be changed in increments of 1/2 fo"

Bandwidths, tracking range, maximum static phase

error, and other loop parameters are tabulated in Section 4.2.

5.2.4 Spectrum Generator No. i

The X4.8 and X6.0 Loops are contained in this module.

The X4.8 is shown schematically in SCI Drawing 362146 and the

X6. 0 in Drawing 362148. These two multiplier loops are essen-

tially identical except for the slightly different operating fre-

quencies. Both loops have a X5 multiplier in the feedback path

of the phase lock tracking loop and therefore provide capability

of changing the output frequencies in increments of 0. 1 fo. The

method of changing output frequencies is described in detail in

the Theory of Operation in Section _!I of this report.

These multiplier loops contain provision for external

switching of the output from the Channel Selection information from

the Transponder Site Command Logic. A solid-state switch utilizing

a diode to turn off the VCO when no command signal is present, and

to turn on the VCO when the +5 volt channel selection signal appears

is incorporated in all the multiplier loops in the spectrum generator

modules. In order to assure that the VCO is turned off_ a low-impe-
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dance (50 ohms or less) path to ground is required at the channel

selector switch input terminal. This condition will normally be

met when the Command Logic and the Transponder are inter-

connected for system operation. However, for individual tests

of the Transponder it will be necessary to provide temporary

shorting plugs on the channels not being used. Then when the

+5 volts is applied to the operating channel, the operation of only

that channel is assured.

5.2. 5 Spectrum Generator No. Z

The Xl0. 6 and Xll. 8 Loops are contained in this

module. The Xl0. 6 is shown in SCI Drawing 362151 and the

Xll.8 in Drawing 362153. Circuits and design of these loops

are essentially identical to the X4. 8 and X6.0 Loops described

in the previous section except for slightly higher operating fre-

quencie s.

I

I
I

I
I

5.2.6 X32 Multiplier

The X32 Multiplier was purchased from Microwave

Associates. Specifications for this unit are given below:

Input Frequency

Output Frequency

66. 747 mc

2135. 904 mc
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Input Power

Output Power

DC Supply Voltage

Spurious Suppre ssion

Temperature

Size

Output Connector

Input Connector

Power Connector

10 mw

i00 mw

+20V

more than 30 db

-20 to +70°C

I. 6 x 3.0 x 9.0 inches

Type N

Type TNC

B e ndix

5.2.7 Transmitter Modulator

5.2.7. i Transmitter Mixer

The AROD Transmitter Mixer consists of the following

basic sections (refer to SCII Drawing No. 362042 and 362097):

(1) 5. 62 mc to 13.82 mc Wideband Amplifier

(2) Balanced Modulator

(3) 70.26 mc Narrow-Band Amplifier

{4) 75. 88 mc to 84.08 mc Band-Pass Filter

(5) 75. 88 mc to 84. 08 mc Wideband Amplifier

The 5. 62 mc to 13. 82 mc Wideband Amplifier stage

consists of two transistors in common-emitter cot.figuration.
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Current feedback is utilized to achieve a suitable bandwidth and

power output. The current feedback is achieved by connecting a

resistor and a by-pass capacitor from the emitter of the output

transistor to the base of the input transistor. The feedback resis-

tance is varied for an optimum and fiat output from 5. 62 mc to

13, 82 mc A sweep generator was used to observe the output.

The design of this type of amplifler is straightforward

and adjustments are not extremely critical. The amplifier is

quite stable and easily reproduced. There was no detectable

difference in performance between the breadboard and final de-

sign circuits.

The Balanced Modulator consists of two 2N918 transis-

tors with their collectors tied together and the output taken from

a low Q transformer connected to the collectors° The low-fre-

quency signal (5. 62 mc to 13.82 mc) is impressed on the base

of one transistor {Q31 and the emitter of the other (QZ}. The

high frequency {or carrierl signal of 70. 26 mc is impressed on

the base of transistor Q2 and the emitter of transistor (Q3).

Since there is no phase inversion in a common base circuit and

180 ° phase difference in a common emitter circuit_ a signal im-

pressed on the base of one transistor and the emitter of the other
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will produce two signals 180 ° out of phase. Since the collectors

are tied together, the signals will cancel out if they are of equal

magnitude.

To achieve equal magnitude of the two signals, capa-

citors are placed from the emitter of one transistor to the base of

the other. Adjustment of these capacitors will vary the magnitude

of the two 180 ° out-of-phase signals.

Optimum performance of this balanced modulator is

achieved through the adjustment of the above mentioned capaci-

tors and the selection of signal levels from the modulating and

carrier inputs. The adjustments of this modulator are not criti-

cal. However, the Q of the output transformer must be fairly

low in order that the desired upper-sidebands of 75.88 mc to 84.08

mc be of the same output level.

The carrier rejection of this circuit was found to be

at least 15 db. This is sufficient rejection since the bandpass

filter used has a carrier rejection of an additional 25 db. Thus,

the total rejection meets the design goal of 40 db.

This type of balanced modulator circuit was not the

only type considered. A diode bridge type of balanced modulator
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was also considered. However, the diode required for the high

frequencies involved costs more than a ZNgl8 transistor. Since

four such diodes are utilized in a bridge modulator, the cost

would be more than twice that of the circuit used. There was

also no appreciable advantage in using a diode bridge since all

specifications can readily be met with the circuit used. Another

advantage of the two-transistor type of modulator used is that it

has power gain whereas the diode modulator has conversion loss.

The 70.26 mc narrow-band amplifier is used for the

dual purpose of isolation and to provide the suitable input level

to the balanced modulator.

The circuit is a single stage, common emitter ampli-

fier. The amplifier used supplies approximately 7 db gain into

a 50 ohm load.

The output of the balanced modulator consists of upper

and lower sidebands and a suppressed carrier. A band pass fil-

ter is used to eliminate the lower sideband and carrier and to

pass the upper sidebands of 75. 88 mc to 84.08 mc.

The band pass filter attenuates the carrier by 25 db

and the lower sidebands by 50 db. The output is flat from 75.88
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mc to 84.08 mc with an insertion loss of less than I. 5 db. Ulti-

mate attenuation of frequencies outside the passband is greater

than 40 db.

It is essential that a filter at this range of frequencies

be placed within a shielded container. The size of the container

is dictated by the size and number of elements used in the filter.

An M derived filter was designed to theoretically meet

the required specifications. However, as is generally the case

in constant K or M-derived filters, the experimental results did

not agree with calculated performance. The filter rejected the

lower sidebands by 40 db but only rejected the carrier by 13 db

instead of the required 25 db. The attenuation through the pass

band was 4 db. The impedance of the filter, which was designed

for 50 ohms, varied through the rather wide pass band.

._ (n = 6) Butterworth filter was then designed and

evaluated. This filter performed better than the M-derived fil-

ter in that its impedance remained very close to 50 + j 0 through

the pass band. It also presented higher attenuation to the lower

sidebands. However, as in the case of the M-derived filter,

the skirts were not steep enough to reject the carrier by 25 db.
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Because of the limited time available for optimization,

it was decided to purchase the required filter from Aladdin Industries.

The cost of their filter is less than that of the SCI filter and the size

is smaller. The Aladdin filter is I/2" x I/2" x 3", whereas the SCI

filter is I/g" x I" x 3 I/2". Even more important, the Aladdin filter

rejects the carrier by more than 25 db.

The design specifications of the Aladdin filter are

as follows.

The insertion loss over the pass band of 75.88 mc

to 84.08 mc shall not exceed 1. 5 db maximum.

The insertion loss at 70.26 mc (the carrier frequency)

shall exceed Z5 db minimum.

The insertion loss from 55 mc to 65 mc (the lower

sidebands) shall exceed 50 db minimum.

I

I
I

I
I

The insertion loss below 55 mc and above I00 mc

shall exceed 40 db minimum.

The input and output impedance of the filter shall be

50 ohms nominal.

The Aladdin filters were checked by SCI and were

V-48



I

I
I

I
I

I

I
I

I
i

I

I

I

I

I
I

I

found to meet or exceed these specifications.

Other methods of removing the lower sidebands were

considered. However, these methods such as phasing methods,

are much more elaborate and less reliable. The filter method

is simple, economical and since the filter is composed of only

passive elements, it is inherently more reliable. The filter is

also physically small and requires no tuning or adjustments what-

soever. A phasing type of sideband rejection would require tuning

and is difficult to adjust at these frequencies.

Since there is an excess of power available, the slight

loss through the filters (approximately 2 db) is not in any way criti-

cal.

The 75.88 mc to 84.08 mc wide-band amplifier is

used as an output buffer stage and also provides the required

signal level to the next section. This stage is of the same con-

figuration and has the same operating description as the 5. 62 mc

to 13.82 mc wide-band amplifier previously described. The basic

difference is that higher frequency (ZN918) transistors are used.

Only one stage (two transistors) is required to pro-

vide the signal level required in the next section.
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Other types of wide-band amplifiers were tried and

rejected for various reasons.

a staggered-tuned amplifier.

reasons:

One type of amplifier tried used

This was rejected for the following

(I) The output power and bandwidth required can be

achieved by the more simple current feedback stage.

(2) The stagger-tuned amplifier was found to be ex-

tremely critical with respect to undesired regen-

e ration.

(3) The tuning and adjustments of the stagger-tuned

amplifier are tedious, time consuming and very

critical.

(4) The L and C elements used in the tank circuits

are critical and the physical placement of these

elements are extremely critical.

(5) Such an amplifier was found to be extremely hard

to reproduce.

Shunt, series, and combinations of compensated ampli-

fiers were considered and rejected because of their tendency to
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oscillate and the criticality of their elements and physical place-

ment.

Resistance Tee attenuators were used for matching

purposes throughout the transmitter-mixer. This was done since

a properly designed resistance Tee presents a constant impedance

for all frequencies. This is quite important since it minimizes

feedback and the possibility of oscillation.

The power into this system was approximately 6 dbm

for each modulating frequency and carrier. The required power

output was -3 dbm. Since there is then an excess of power in the

system, the Tee pads perform the dual function of matching and

of attenuation. They also eliminate the need for more critical

reactive elements.

Several 2N918 transistors in common emitter con-

figuration were used in this system. The V
ceo

15 volts while the supply voltage is at 20 volts.

in the bias design of these stages in order that Vce o

ceed the specified maximum.

of the 2N918 is

Care was taken

did not ex-

The reason for using these transistors in common

emitter configuration is because of the requirement for negative
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current feedback. The common emitter configuration provides a

simple method of obtaining the desired negative current feedback.

The filters purchased from Aladdin, while exceeding

the performance of the filters designed by SCI, still do not have

an exactly flat loss across the pass band. To compensate for

this, a variable piston capacitor was placed in the transformer

circuit of the balanced modulator. This capacitor is then adjusted

for maximally flat output. Even so the output of the transmitter-

mixer has a slight droop (of about 0.7 db) across the output of

75.88 mc to 84.08 inc. However, this has been compensated

for in the next section (the Single Sideband Generator and Linear

Power Amplifier).

The design goals in this system were to produce an

output signal of -3 dbm while suppressing all spurious signals by

40 db. This was achieved for all modulating frequencies except

the lowest (i. e. , 5. 62 mc). With a modulating frequency of

5. 62 mc, the spurious signal is down only -35 db.

The placement of monitor points presented a slight

initial problem. It was the original intention to place a monitor

point after each input amplifier (i. e. , on the output of the 70.26

mc amplifier and the output of the 5. 62 mc to 13. 82 mc amplifier}.
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One of the four carrier frequencies at 32.4 fo' 33.0 fo'

35. 3 fo' or 35.9 fo is fed into the other inputs of the above balanced

modulators. The input to one balanced modulator is direct and to

the other balanced modulator is through a 90 degree phase shift

network which consists of a coaxial delay line (DL1). In order to

provide fine trimming of the 90 degree phase shift for each of the

four carrier signals, a small adjustable phase trimmer is provided

for each carrier frequency. These phase trimmers consist of vari-

caps CR17 and CRI8, and the gated voltage dividers which are

actuated by the Channel Selection Logic inputs.

The balanced modulators use the Hewlett-Packard

HI=o2103 "Hot Carrier" diodes to provide fast switching action

and good modulation efficiency in the operating frequency range

from approximately 75 to 85 inc. The output of this type balanced

modulator is relatively independent of carrier level after a suffi-

ciently high input level is reached. Therefore, slight differences

in level on the four different channel carriers does not appreciably

affect the output sideband level from the single sideband generator.

5. 2.7. 3 Linear Power Amplifier

The 75-85 mc Linear Power Amplifier schematic is

shown in SCI Drawing 362113. This amplifier is broadband and
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The desired DC monitor point voltage is 0.5 to 1.0 volts. This

could not be met at the originally intended points. The monitor

points were then moved to the inputs of the board and met the re-

quirements.

5.2. 7. 2 Single Sideband Generator

The phasing-type sideband generator is shown sche-

matically in SCI Drawing 362094. The two balanced modulators

and associated circuitry are arranged to balance out the carrier

and upper sideband components. Output from the sideband genera-

tor thus consists solely of lower sideband components. The carrier

component is reinserted at a later stage of the transmitter to pro-

duce the required output spectrum of carrier plus lower sidebands.

The modulated 2. 342 mc signal and the 2. 2688125 mc

signal are combined in a linear adder and the combined signals

are applied to one of the balanced modulators. The modulated

2. 342 mc signal and the 2. 2688125 mc signal are also shifted in

phase by 90 degrees and combined in another linear adder before

being applied to the other balanced modulator. Trimmer capaci-

tors C2 and C4 allow individual adjustment of the phase shifters

to provide exactly 90 degrees phase shift.
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entirely class A to provide the necessary linearity with peak power

outputs greater than 250 mw. The broad bandwidth is obtained by

use of a flat staggered triple and the high power output is obtained

from a pair of 2N2222 transistors operating in common-base push-

pull configuration. Maximum possible gain-bandwidth product is

achieved by resonating the collector tuned circuit with only the

transistor output and stray circuit capacity. This technique coupled

with the inherent gain in L/C ratio due to the push-pull connection

allows an excellent gain-bandwidth product to be obtained in the

output stage. Thermal heat sinks are used to hold down the transis-

tor junction temperature.

A linear adder at the power amplifier input combines

the lower sidebands from the Single Sideband Generator and the

carrier component from the Transmitter Mixer to produce the

required output frequency spectrum. The linear adder consists

of two common-base stages feeding a common collector tank cir-

cuit. The signals are thus linearly combined by a circuit arrange-

ment which assures maximum isolation of the signal sources from

each other.

The output of the Linear Power Amplifier is somewhat

greater than 50 mw average with the required complex signal spec-

trum which has a peak-to-average power ratio of about 7 db.
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5.2.8 S-Band Mixer

The S-Band Mixer was purchased from Sanders Asso-

ciates. The unit employs stripline techniques for both the balanced

mixer and the associated filter which are built into a single package.

Specifications for the mixer are given below:

S-Band Mixer and Filter, in accordance

with Sanders Associates Quote No. 73EE

except the following:

io 76 to 84 mc input to employ type TNC

connector.

, Four mounting holes to be provided,

one in each corner.

, Linearity to be 5_0 or better for output power

or i0 mw. Design goal to be i_/0.

I
I

I
i

I

In order to more fully explain the specifications,

copy of Sanders Quote No. 73EE follows:
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September 6, 1963
Quotation No. 73EE

TECHNICAL DISCUSSION

FOIl A

SINGLE SIDE BAND MODULATOR

To meet the requirements of the Single Side Band Modulator, which

are delineated in the attached Specifications, a Balanced Modulator

followed by a Bandpass Filter is proposed. This is shown in Figure

(I). A fixed frequency at approximately Z135.8MCwili be fed into

Connector (A) of the assembly. Up to five (5) modulating signals

in the 76 to 84MC region will be fed into Connector (B). The desired

upper side band in the ZZ0 o to 2ZI9MC will emerge from Connector

(C).

An upper side band power level of 10row can be obtained for a single

modulating signal of about 100rnw with a carrier level of about i00

row. This corresponds to a 10db overall conversion level. The

Modulator itself should have about 9db loss with idb loss in the

Baridpass Filter. However: to achieve 10row output for each of two

or more simultaneous modulating signals may require slightly more

modulating and carrier signal power. For all five (5) modulating

signals applied simultaneously, it is estimated that approximately

125row may be required for each of the modulating signals as well

as the fixed frequency carrier signal. This will have to be deter-

mined empiracally after the Modulator is designed. An attempt will

be made to design the Modulator for minimum conversion loss with

multiple modulating signals. However, due to the unusual nature

of this device, an overall 10db conversion loss cannot be guaranteed.

In order to handle the anticipated input power, cartridge type diodes

must be employed. However, if overall package size and weight

are important, it may be worth considering the use of internally

mounted glass envelope diodes, such as IN831. These diodes would
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Technical Discussion

Page Two

September 6, 1963

Q_otation No. 73EE

limit the total input power, carrier plus all modulating signals, to

about 700row. With no more than four (41 simultaneous modulating

signals, there should be no problem in achieving the required 10row

output for each side band. However, with all modulating signals

applied, the drive power may have to be reduced below that which will

provide 10row output for each side band. It is estimated that at least

8row can be provided under these conditions. The saving in size is

primarily that required for the cartridge diodes, shown in Figure ().

The weight reduction possible with internally mounted diodes is

approximately Z ounces. In either case, the diodes will be field

replaceable in case of accidental damage.

Response for a typical Balanced Modulator is shown in Figure (Z).

This data was taken on an experimental L-band unit with a modulating

frequency in the 54MC region. Over a 30% bandwidth, the conversion

loss variation was in the order of I/Zdb. Similar performance should

be expected from the proposed Side Band Modulator for any one

modulating signal.

TI_I-PLATE ®Strip Transmission Line Techniques will be used for

both the Balanced Modulator and the Bandpass Filter. This will

provide a very rugged, easily reproducable assembly that is consider

ably smaller and lighter than other transmission line techniques can

provide. There is a great latitude in package configuration. The

tentative outline drawing enclosed shows the approximate volume

required if a two (Z) layer assembly is employed. That is, the

Modulator Circuit and Bandpass Filter are coplanar with internal feed

through connections. An alternate configuration could be provided in

which both circuits are in a single layer. This would require approxi-

®Registered Trademark - Sanders Associates, Inc.
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Technical Discussion

Page Four

2. Power:

September 6, 1963

Quotation No. 73EE

a) Input @ Connector (A):

b) Input @ Connector [B):

c} Maximum Input Power in

Connectors (A) & (B]:

d_ Output @ Connector (C):

100mw, minimum

Approximately lZ5mw for each

frequency component.

900mw

10mw minimum for each

frequency component.

3. Unwanted Output Signal Suppression:

Both the I_F Carrier (input A) and the lower side band frequencies

in the vicinity of Z055MC will be suppressed by at least 45db below

the desired output frequencies power level.

4. Modulation Linearity

a)

b]

For equal amplitude signals (fo & fo-fm) in Connector (B)

within the frequency range listed in paragraph 1. b. above,

the output upper side bands at Connector (C) will be equal

within 0.5db.

A signal power variation between 50 and 130mw for each

frequency at input Connector (B_, the conversion loss will

not vary more than ±ldb.

5. Temperature: -20°C to +70°C

I

I

I
l

6. Size:

7. Weight:

8. Connectors:

Approximately 4-i/2" X

3-3/4" X 9/16", excluding

connectors.

Approximately 1 pound.

Type N female, mounted as

shown in Figure (i), but not

necessarily in the exact

position shown.
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September 6, 1963

Quotation No. 73EE

mately twice the area with about I/2 the thickness. Location of the

two _2) input and the output connectors can be varied to some extent.

Mounting holes can also be provided at the four (4) corners.

TP_I-PLATE Techniques employed by Sanders Associates, Inc.

permit the use of various dielectric materials. For this applica-

tion, a linear (irradiated) polyolefin material is proposed because

of its low loss and uniform dielectric properties. Over the upper

side band frequency range (2209.4 to 2219.8MC) the filter will be

designed to have essentially flat response characteristics, increasing

no more than 0.1db at the passband edges. Passband ripple should

not exceeda few tenths of a db. The actual insertion loss of the

filter over the passband is expected to be approximately Idb.

SPECIFICATIONS

SINGLE SIDE BAND MODULATOR

i. Frequencies:

a) Input @ Connector (A):

b) Input @ Connector (B):

where fo

and fm

c) Output @ Connector (C):

2135. 804MC

fo and fo-fm

= 80 ± 4MC

= 2. Z688, Z. 342MC & two (2) other

frequencies in between.

2135.804+ fo &

2135.804 + (fo-fm)
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DA TA SHEET

AROD TRANSPONDER

Circuit Board _, #d'_- i#_i?,_'l_." -_qs,_,'u:"

Date 7:--_-u "z- /, I cj _ -/

/.<><_-_ SIN /7_":;.-o T_?.,o4"

Test By _< ,.-/-_s_z_ i ,_

Loop Characteristics

VCO Frequency: -5 VDC

0 VDC

+5 VDC

VCO C-ain (+IVDC)

_JDet. "S" Curve

Det. Ga:n (Calculated)

Let. _ lance

_-: '> / :{ mc/sec

"7 .-,: ,-.... -- _, mc/sec

o f_, .-,_&.¢.o mc!sec

,,,l -"_f' ,, 2s/v°it

'" voi_ peak, _'_- _ ,t%/ 0 _ :-'71.'%/,.2 4__

._/<< -_ volts. Deg.

'_ ,_" .." . -s ..,_z '_,_-,+.,,i.._-, _s/ re,-.,:MVDC

C n Looo Gain [360KvKDKM)

.a Ba.'c.vidth (ZBL)

,-_Constants

', -- l

(f::, .. sec

,.-$ :" /' msec

/_,"- msec

Input-Outpu_ Characteristic s

Input Frequency

Input Powe r

C)c._put Frequency

O atput Power (50 ohm load)

dbm

-z_.. f.y- _ _c/sec

7 _ /b. ,_ dbn:



I

I

I

I
I

I
I

I

1
I
I

I

I

DATA SHEET

AROD TRANSPONDER

_ircuit Board "i, _

Date J - _'_'- _

Loop Characteristics

VCO Frequency: -5 VDC

0 VDC

+5 VDC

/-_of SIN

Te st By

"2,_ _//og_T

2, _41_72

"2. 5 4 2-,Y_'F

VCO Gain (elVDC) ! 75"-

_c
Det. "S" Curve . / _,o,_,_,_

Det. Gain (Calculated) , o/_ 2

Det. Balance _4- "2_

mc/sec

me/see

mc /sec

cps /volt

volts _eak

volts/Deg.

MVDC

Open Loop Gain (360KvKDKM)

Noise Bandwidth (ZBL)

Time Constants

Io s-S-
-1

sec

cps

rebec

msec

Input-Output Characteristic s

Input Frequency

Input Rowe r

Output Frequency

Output Power (50 ohm load) "-ilf, 7

mc/sec

dbm

mc/sec

dbm

I
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DATA SHEET

AROD TRANSPONDER

Circuit Board _., _ _ ,¢t_A4 _ _A-,..._.<'F/,_

Date / _/ _. _gt

_,- ,,,'/ L/_ S/N

Te st By

_D X_ _2-vP

/._ _/_ _7/----

Loop Characteristics

VCO Frequency:
-JL

-5 VDC "7 b :::. :6 -g___C_ >__.

4_. _-'7.- 2/0 VDC "_ "_c/,. _ "; /

mc / sec

mc/sec

+5 VDC -2 .... -/ ,: '_-';"v 3_ _.:...,. / _ __3 n%c/sec

VCO Gain (+IVDG) // "-2-- cps/volt

Det.

Def.

"S" Curve

Gain (Calculated)

/. 5--

, C.,." ":: ...%'---

volts peak

volts/Deg,

# Det. B_.lance

C-_n Loop Gain (360KvKDKM)

L". se Bandwidth (2BL)

___ a'. z.2 ,t, ,/ MVDC

-I

/5-,2. 4 $ _.. 5"/f'/J_TZ--

" 'u- " * •

"-'.r..e Constants ___ :__ msec

"7"_Z '! .%'_- rose c

Input-Output Characteristic s

Input Frequency. 2_. 2_ _ _-"

Input Power -- _ a'J "dr -/ Z d_

Output Frequency __ . Z_ _"

Output Power (50 ohm load)

mc/sec

dbm

mc/sec

dbm

I



DATA SHEET

AROD TRANSPONDER

Circuit Board 12. q-LF _/_.. _Gog_ S/N PMPc_7"m 7-_,_E v_. 7._

i Date /k2/_/4 /9 /_'_ _/ Test By .. __... G_E-._7"-

I Loop Characteristics

i VCO Frequency: -5 VDC q-, 2-_2 _-_ mc/sec

0 VDC "2, ._ _,_c mc/sec
• +5 VDC 2, 2_ _'_-J mc/sec

VCO Gain (±IVDC) / _ _ cps/volt

I _ Det. "S" Curve . /, volts peak

I _ Det. Gain (Calculated) . _;_._c*" volts/Deg.

i @ Det. Balance _ _ MVDC

Open Loop Gain (360KvKDKM) /_5"" sec-

I Noise Bandwidth (ZBL) /O _ cps

I Time Constants "_I /_/. 4_.C" msec

"_Z / _-. msecInput-Output Cha racte ristic s

!

I

I

!

Input Frequency

Input Power

Output Frequency

Output Power (50 ohm load)

"2., _-688"/ "2.1 mc/sec

-- %o 7"o "/"/_ dbm

mc/sec

7" /" "z-- dbm
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VII. CONCLUSIONS

The design approach proposed by SCI and approved by

NASA at the beginning of the AROD Transponder development program

has proven extremely successful._The frequency scheme and frequency

synthesizing techniques have worked as well as_ and in many cases,

better than anticipated._ The method for obtaining fast acquisition by

presetting the main VCXO's in the frequency domain has been shov_n

to be feasible and practical. _J somewhat new and different packaging

technique for the type of circuits involved has demonstrated the feasi-

bility and numerous advantages in terms of RFI shielding_ adaptability

to relatively low-cost and easily reproduced production assembly_ and

maximum versatility for incorporation of future changes with a mini-

mum of redesign effort.

The various PCO, VCXO, and phase detector circuits have

worked well over a wide range of operating frequencies from 1.171 mc

to 170.26 me. The 75 - 85 rnc phasing-type single sideband generator

has generally worked well except for the carrier and unwanted sideband

suppression being only about 30 db as opposed to a desired suppression

of 45 db.

A major problem peculiar to the single sideband plus carrier

type of output spectrum was found to exist in the high-level S_band mixer.
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I
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I
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In particular, sufficient linearity could not be obtained to provide reason-

ably low distortion products at the mixer output at the required power

\

levels.) The stripline mixer used in these transponders was purchased

from Sanders Associates and represents near state-of-the-art design.

A detailed analysis of the problem by Sanders indicated that no signifi-

cant improvement in performance could be achieved with conventional

rather than stripline construction techniques.

Thus, it appears that the problem of maintaining low

spurious outputs is most severe with this type of output spectrum.

Major breakthroughs in design of both the phasing-type sideband gener-

ator and the S-band high-level mixer would be necessary to achieve the

desired 45 db suppression of spurious output signals while still main-

taining the desired low (1 to 2 degrees) phase error on the fine range

tone due to differential Doppler shifts.

VII -2
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DATA SHEET

AROD TRANSPONDER

Circuit Board ffiVzP_., _!

Date j ,_t -2_o / q C
i

S/N

Te st By

f/? _7-_ Tf_P E
r

Loop Characteristics

VCO Frequency: -5 VDC

0 VDC

+5 VDC

VCO Gain (±IVDC)

Det. "S" Curve

Det. Gain (Calculated)

Det. Balance

, /7/ _

/_ _- ,y

C "_ _

mc/sec

mc /sec

mc/sec

cps /volt

volts peak

volts/Deg.

MVDC

Open Loop Gain (360KvI4DK M)

Noise Bandwidth (ZBL)

Time Constants

c:

.!

75"

-I
sec

cps

msec

msec

Input-Output Characteristics

Input Frequency

Input Power

Output Frequency

Output Power (50 ohm load)

0

/t /_/

0

mc/sec

dbm

mc/sec

dbm

I
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DATA SHEET

AROD TRANSPONDER

Circuit Board _ IV//)_"

Date /7_AA /?. /_*_-_/-

/

_4 S/N

Te st By

Loop Characteristics

VCO Frequency: -5 VDC

0 VDC

+5 VDC

VCO Gain (±IVDC)

¢ Det. "S" Curve

Det. Gain (Calculated)

Det. Balance

,0; ,/.."

:'. 7/c, o -_- ,"

/

"t-

me/see

mc/sec

mc/sec

cps/volt

volts peak

volts/Deg.

MVDC

Open Loop Gain (360KvKDK M)

Noise Bandwidth (ZBL)

Time Constants

z

"2-- :: _> 0

--a.

sec

cps

msec

msec

Input-Output Characteristic s

Input Frequency

Input Power

Output Frequency

/.s
Output Power (_5tYohm load)

/,/_/

./." 7"2.- _:,',_..,

mc/sec

dbm

mc/sec

I
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DATA SHEET

AROD TRANSPONDER

Circuit Board 2J V/D<: P_

Date d'4 A_¢ C'// / _, / 4#S _/
f

SIN

Te st By i / "_ "-" _ _ 7-

Loop Characteristics

VCO Frequency: -5 VDC

0 VDC

+5 VDC

l, t2tloz-

#,.,!7oZo_

.._, 3+
VCO Gain (+IVDC)

Det. "S" Curve <',, _•

Def. Gain (Calculated) , /_4-_

"k ."2-:j o
Det. Balance "

mc / sec

mcl sec

mc/sec

cp s/volt

volts peak

volts/Deg.

MVDC

Open Loop Gain (360KVKDKM)

Noise Bandwidth (2BL)

Time Constants

-I
sec

cps

msec

msec

input-Output Characteristic s

Input Frequency

Input Power

Output Frequency

_8
Output Power (-_4_ohm load)

_5_t I O_f mc/sec

/O dbm

/:/2 / mc/sec

I
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DATA SHEET

AROD TRANSPONDER

Circuit _oard X_ _/vo,_ 7-
/i

S / N _:_Z_Z97-_ 77/_ _"

Test By _'_ _",..,_____7/--

Loop Characteristics

/

VCO Frequency: -fVDC 5"'. _'2__ / 2.._Z 3 mc/sec

0 vDc _-', _/a_ _/ mc/sec

mc/sec

VCO Gain (±IVDC) -_/-// cps/volt

Det. "S" Curve _V s volts peak

Det. Gain (Calculated) volts/Deg.

Det. Balance MVDG

Open Loop Gain (360KvKDKM)

Noise Bandwidth (ZBL)

Time Constants

z3_o

0,, 73--

-1
sec

cps C"c_ z'Cc7/''97 6d_._

msec

msec

Input-Output Characte ristic s

Input Frequency

Input Power

Output Frequency

Output Power (50 ohm load)

/./7/ mc/sec

dbm

dbm

I
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DATA SHEET

AROD TRANSPONDER

,Circuit Board
D

'2" _', _ /_#4_T./P._,/E

Date

S/N

Te at By

Loop Characteristics

VCO Frequency: -S VDC ¢_, _2-.7_'_

0 VDC 5T,_ _-_ _-2x-

+5 VDC ._ _ I _'2-,£"O

VCO Gain (±IVDC) -_-_5"

# Det. "S" Curve ._, ..r"

Det. Gain (Calculated) ,, OX-_'_

# Det. Balance _-

mc / sec

mc/sec

mc /sec

cps/volt

volts peak

volts/Deg.

MVDC

Open Loop Gain (360KvKDK M)

Noise Bandwidth (2BL)

Time Constants

_" 7,._"0 o

_-OOo cps

msec

msec

Input-Output Characte ristic s

Input Frequency

Input Power

Output Frequency
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